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A bstract
Tannins have been d e f in e d  as p hen o lic  hydroxyl compounds 
o f  r e l a t i v e l y  h igh  m o lecu la r  w eight which p r e c i p i t a t e  p r o t e i n s .  
Chem ically , they  can be d iv id e d  in to  two c la s s e s  (hy d ro ly sab le  and 
condensed t a n n i n s ) , depending on t h e i r  r e a c t io n  w ith  hot m ineral a c id .  
The s t r u c tu r e  o f  b o th  c la s s e s  has been d isc u sse d  and a number of 
th e o r i e s  enumerated reg a rd in g  p o s s ib le  l in k a g e s  involved  in  the  
p o ly m e r isa t io n  of condensed t a n n in s .  The b io s y n th e s is  of ta n n in s  has 
been d isc u sse d .
The w idespread  d i s t r i b u t i o n  of ta n n in s  in  the  p la n t  kingdom 
and the  sim ultaneous occurrence  o f  1euco-antho cyanin s and "b o ta n ic a l  
ta n n in s"  i s  m entioned. The lo s s  of bo th  a s t r in g e n c y  and ta n n in s  in  
f r u i t s  on r ip e n in g  i s  d isc u sse d .  The e f f e c t  o f m in e ra l  n u t r i t i o n ,  
l i g h t  and season on the  c o n c e n tra t io n  of ta n n in s  in  p l a n t s  i s  r e f e r r e d
tOo
Chemical and p h y s ic a l  methods f o r  th e  a n a ly s i s  of tan n in s  
have been d is c u s se d ,  and f iv e  a n a l y t i c a l  methods have been in v e s t ig a te d  
f o r  c h a r a c te r i s in g  the  p h en o lic  n u c le i  and ap p lied  to model compounds. 
These methods have been extended and used to study  the  changes in  
ta n n in s  in  b a n a n a s , , peaches and plums on r ip e n in g ,  w ith  p a r t i c u l a r  
re fe re n c e  to the  changes in  the  1euco-anthocyan i n s .  The r e s u l t s  w i th  
the  banana confirm th e  h y p o th es is  of Swain ( l95^) t h a t  the  re d u c t io n  
in  a s t r in g e n c y  on r ip e n in g  i s  due to  p o ly m e r is a t io n  of the ta n n in s ;  
somewhat ambiguous r e s u l t s  were o b ta in ed  w ith  the ju ic y  f r u i t s .
In  o rd e r  to develop a d i f f e r e n t  method f o r  m easuring 
a s t r in g e n c y ,  the  i n h ib i t i o n  of enzymes by ta n n in s  was in v e s t ig a te d .  •
A number of r e a g e n ts  were shown which could rev e rse  t h i s  i n h i b i t i o n ,  
and th e  use  of some of th e se  r e a c t i v a t i n g  ag en ts ,  bo th  f o r  e x t r a c t in g  
ta n n in s  and f o r  p r o te c t in g  enzymes from i n h i b i t i o n ,  i s  suggested .
L a s t ly ,  the s y n th e s is  of 1euco-an thocyan ins in  sycamore 
t i s s u e  c u l tu r e  was s tu d ie d ,  and i t  was found th a t  bo th  r e s t r i c t e d  
a e r a t io n  and " s t r a i n "  d i f f e r e n c e s  a f f e c t  the p ro d u c t io n  o f  th ese  
compounds.
PREFACE
The work f o r  t h i s  t h e s i s  was c a r r i e d  out hy the  
au th o r  a t  the Low Temperature Research S ta t io n  under the 
su p e rv is io n  of Dr. T. Swain. She would l ik e  to  ex p ress  h e r  
g r a t i tu d e  to him f o r  h i s  he lp  and f o r  acc ess  to  h i s  unpub lished  
work.
She i s  indeb ted  to Dr. E.G. Bate-Sbiith  and the 
A g r ic u l tu r a l  Research Council f o r  p e rm iss ion  to submit t h i s  
t h e s i s .
She would a lso  l i k e  to thank Dr. D.H. N orthcote  
and Mr. K.H. T jhio  f o r  advice  on t i s s u e  c u l tu r e ;  Mr. A.S. Mead 
for he lp  w ith  approxim ate ly  o n e - f i f t h  o f  the a n a ly s i s  in  
Chapter 4 and w ith  the  p r e p a ra t io n  of the  photo-m icrographs in  
Chapter 6; Dr. P.A. Isherwood f o r  l i g n i n  a n a ly s i s ;  and v a r io u s  
chemical f i rm s  l i s t e d  in  Chapter 5 f o r  g i f t s  of chem icals . . •
This t h e s i s  i s  not s u b s t a n t i a l l y  the  same a s  one 
which has been subm itted  to  any o th e r  u n i v e r s i t y .
J u d i th  L. G o ld s te in
Cambridge, Ju ly  1962.
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Chapter 1
"The term tannin has been employed by 
d iffe r e n t  w r ite r s , sometimes to denote 
a p a rticu la r  substance b e tte r  described  
as tannic a c id , sometimes as a c o l le c t iv e  
term fo r  a whole group o f substances  
having cer ta in  c h a r a c te r is t ic s ."
Ha&s & H ill  ( 1928)
1. INTRODUCTION
There i s  a g re a t  d e a l  o f  confusion  in  the b o ta n ic a l  
l i t e r a t u r e  about th e  term ta n n in .  . Thus Vines ( 1886) d e f in e d  
ta n n in s  as  a ro m atic  g lu c o s id e s .  So rau rer  ( 1895) a lso  commented 
th a t  ta n n in s  a re  the  same a s  g lu c o s id e s  and t h a t  th e se  compounds 
"are  s p l i t  by a c id s  and fe rm en ts  to  y i e ld  a sugar and an 
i n d i f f e r e n t  su b s tan ce" .  P f e i f f e r  ( 19OO) s t a t e d  th a t  the  term 
ta n n in  was a t e c h n ic a l  term which had no p r e c i s e  chemical o r  
p h y s io lo g ic a l  meaning; f o r  v a r io u s  o th e r  p h en o lic  compounds 
g ive the  same m icrochem ical t e s t s  w ith  i ro n  s a l t s  and potassium  
b ichrom ate , whereas o th e r s  such a s  p h lo ro g lu c in o l ,  which have a 
s im i la r  p h y s io lo g ic a l  im portance , do n o t .  In  t h e i r  c l a s s i c a l  
book on p la n t  ph ys io logy , Mayer and Anderson (l9^)  d e f in e  ta n n in s  
a s  a heterogeneous group of complex compounds of common occurrence  
in  p l a n t s .  More r e c e n t ly  Bonner and G alston  ( l9 5 l )  have d e f in ed  
the  term ta n n in  as  covering  a wide range of n a t u r a l l y  o c c u r r in g  
compounds of v a ry in g  chemical c o n s t i t u t i o n  s c a t t e r e d  through the  
p la n t  kingdom. They mention t h a t  ta n n in s  a re  a rom atic  compounds 
w ith  numerous p h en o lic  hydroxyl g roups, a s t r i n g e n t  to  the  t a s t e  
and capable o f p r e c i p i t a t i n g  p r o t e in .
I t  can be seen from th ese  q u o ta t io n s  t h a t ,  even tod ay , 
l i t t l e  r e c o g n i t io n  has been accorded by b o t a n i s t s  to  the  chemical 
work which has been c a r r i e d  out over th e  p a s t  50 y e a rs  on t h i s
heterogeneous c l a s s  o f su b s ta n c es .  The c l a s s i c a l  experim ents o f  Emil 
F is c h e r  from I 908 to  I 918 on ta n n ic  a c id  s t im u la te d  h i s  b r i l l i a n t  
re s e a rc h  s tu d en t  Freudenberg to  make a study of th e se  su b s tan ces  p a r t  of 
h i s  l i f e  work, and in  th e  l a s t  decade o r  so the  chemical s t r u c tu r e s  
of se v e ra l  of th ese  subs tan ces  have been e lu c id a te d ,  and a sure  
fo u nda tio n  has been l a i d  f o r  a c lo s e r  u n d e rs tan d in g  of t h e i r  r o l e  in  
p l a n t s .  Before d e s c r ib in g  th e  r e c e n t  work, we should r e tu r n  to  the 
methods by which the  p resence  of ta n n in s  has been reco g n ised  in  p l a n t s  
s ince  much of th e  am biguity  which has a r i s e n  comes from the la c k  of 
un d ers tan d in g  of the chemical and p h y s ic a l  ba ses  o f  such t e s t s .
Most workers have id e n t if ie d  those compounds as tann ins  
which g ive  the fo llo w in g  t e s t s .  Form a dark blue or green colour  
w ith neutral f e r r ic  ch lorid e  so lu tio n , and a red colour with so lu tio n s  
of potassium ferr icy a n id e  and ammonia; form p r e c ip ita te s  when heated  
with so lu tio n s  o f g e la t in e , a lk a lo id s , uranyl and lead  a c e ta te s  and 
lime water; and reduce F eh lin gs so lu tio n , a lk a lin e  potassium  
permanganate and potassium dichromate.
Although i t  i s  t r u e  t h a t  most ta n n in s  which have been 
i s o l a t e d  give most, i f  not a l l ,  of th ese  t e s t s ,  a l l  tan n in s  do not 
r e a c t  to the same e x te n t .  More im p o r tan t ly  a number of compounds, 
which a re  no t ta n n in s  a t  a l l  bu t which a re  chem ically  r e l a t e d  to  
them, g ive some o f  th e se  t e s t s .  F o r example, th e  c o lo r im e t r ic  t e s t s ,  
which a re  the  most w ide ly  u s e d ,a r e  g iven  by many phen o lic  compounds 
of th e  f lavo ne  c l a s s ,  and Bate-Sm ith ( 1962) has shown such su b s tan ces  
a re  e s p e c i a l l y  w idespread  in  the  h ig h e r  p l a n t s .  The fo rm atio n  of 
p r e c i p i t a t e s  by calcium , le a d  and u ran y l  s a l t s  i s  a lso  n o n - s p e c i f i c ,  
as  i s  the  s u s c e p t i b i l i t y  to  o x id a t io n  w ith  F e h lin g s  s o lu t io n  and 
potassium  permanganate and d ichrom ate . In  f a c t ,  the  on ly  s p e c i f i c  
t e s t s  f o r  ta n n in s  a re  the  fo rm a tio n  of p r e c i p i t a t e s  w ith  g e la t i n e  
and a lk a lo id s .  The fo rm ation  o f  p r e c i p i t a t e s  between ta n n in s  and 
g e la t in e  p a r a l l e l s  th e  behav iour of n a tu r a l  ta n n in  e x t r a c t s  (oak 
bark  and th e  l ik e )  to  convert h id e s  in to  l e a t h e r .  Many chem ists  
have s t r e s s e d  t h i s  as  an e s s e n t i a l  b a s i s  f o r  d e f in in g  ta n n in s .
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Thus R o t t s ie p e r ,  in  a p r i v a t e l y  p u b lish ed  review ( 1946) ,  d e f in e d  
ta n n in s  as  "o rgan ic  subs tances  which a re  capable  of co n v er t in g  
animal f ib r o u s  t i s s u e  in to  decay r e s i s t i n g  l e a t h e r " .  He then  l i s t s  
a number o f common p r o p e r t i e s  o f  d i f f e r e n t  ta n n in s  which r e - i n f o r c e  
t h i s  view and in d ic a t e s  th e  p r o p e r t i e s  a m olecule r e q u i r e s  in  o rd e r  
to be capable of such a c t io n .  Thus ta n n in s  have a h igh  m olecu la r  
w e ig h t ,  g iv in g  r i s e  to c o l l o i d a l  p r o p e r t i e s ,  and a g re a t  number of 
f r e e  pheno lic  hydroxyl groups which a re  m ainly r e s p o n s ib le  f o r  t h e i r  
s o l u b i l i t y  in  w a te r .  He f u r t h e r  s t a t e s  t h a t  ta n n in s  a re  a s t r in g e n t  
to the t a s t e  and a s  in  o ld e r  d e f i n i t i o n s  g ive an in te n se  c o lo u ra t io n  
in  th e  p resence  of i ro n  s a l t s ,  and a re  p r e c i p i t a t e d  from aqueous 
so lu t io n  by a lk a lo id s .  The S h o r te r  Oxford D ic t io n a ry  i s  in  agreement 
w ith  t h i s  d e f i n i t i o n .  Tannins a re  d e f in ed  as  "any member of a group 
of a s t r in g e n t  v eg e tab le  su b s ta n c es .  The ta n n in s  p o sse s s  the  p ro p e r ty  
of combining w ith  and c o n v e r t in g  animal h ide  in to  l e a th e r " .  White 
( 1958) a lso  su b sc r ib e s  to  t h i s  view and c o n s id e rs  th a t  on ly  substeuices 
which have been a c tu a l ly  shown to  convert  animal h ide  in to  l e a th e r  
can be con sidered  as  ta n n in s ;  he c o n s id e rs  t h a t  the  r e f e r e n c e s  to 
ta n n in s  seen on microscope s e c t io n s  o f  p la n t  t i s s u e  should be r e f e r r e d  
to  only  as ph eno ls .  This i s  p robab ly  going too f a r ,  s in ce  any simple 
pheno lic  compound would undoubtedly  be washed out o f the  t i s s u e  
du ring  f i x in g  and s t a in in g .  This i s  exem p lif ied  by the  work of 
B a te -S b ith  and M etca lf  (1957) who found a good c o r r e l a t i o n  between 
the  p resence  o f  1euco-antho cyanin  s (v id e  i n f r a ) in  f r e s h  t i s s u e  of 
le a v es  and the  s o - c a l le d  b o ta n ic a l  ta n n in s  in  the  c o l l e c t i o n  of s l i d e s  
which had been p repa red  f o r  the i l l u s t r a t i o n s  in  the  book "Anatomy 
of the  D ico ty ledons"  by M etca lf  and C la lk .  They found t h a t  in  over 
90^ of the cases  where ta n n in s  o f  the  1euco-antho  cyan in  type e x is te d  
in  the  f r e s h  t i s s u e ,  the  s l i d e  o f  the  se c t io n ed  m a te r ia l  showed a 
dark  s t a in in g  r e a c t io n .  They a t t r i b u t e d  the  s t a i n  to the  f a c t  th a t  
the m a te r i a l ,  which p r i o r  to  s e c t io n in g  had been f ix e d  in  fo rm a lin  
and c le a re d  w ith  a c e t i c  a c id  and e th a n o l ,  was se c t io n ed  u s in g  a 
s t e e l  microtome k n i f e .  As the  f i x a t i v e  had been incom ple te ly  removed, 
the a c e t i c  ac id  presumably r e a c te d  w ith  the  microtome k n ife  to  form 
a f e r r i c  s a l t ,  which in  tu rn  r e a c te d  w ith  the  ta n n in  to  g ive  e i t h e r
a b lue  or green c o lo u r .  As th e  s e c t io n s  had been t r e a t e d  w ith  a lc o h o l ,  
only  the  t r u e  tan n in g  m a te r ia l  would have been l e f t ,  presumably f ix e d  
by a c id  f o n n a l in .
We may th e r e f o re  d e f in e  ta n n in s  as  a c la s s  o f polym eric  
ph en o lic  su b s tances  which have the  p ro p e r ty  of c r o s s - l in k in g  p r o t e in  
in  a way analogous to  th e  tan n in g  of le a th e r*  This d e f i n i t i o n  means 
t h a t  tbe compounds would g ive  a l l  the  u su a l  chemical and p h y s ic a l  
r e a c t io n s  of th e  s im p le r  pheno ls  but would be d is t in g u is h e d  from 
them by t h e i r  h igh  m olecu la r  w e ig h t,  which im p arts  to  them th e  
p ro p e r ty  of be ing  ab le  to hydrogen bond to  p r o t e i n  to  y i e ld  s t a b l e ,  
u su a l ly  in s o lu b le ,  co-polym ers. Another p ro p e r ty  o f the  ta n n in s  which 
i s  c lo s e ly  a l l i e d  to  the  tan n in g  of p r o te in  i s  th e  a s t r in g e n c y  they  
impart to  u n r ip e  f r u i t *  A str ingency  i s  p robab ly  caused by the ta n n in s  
c r o s s - l in k in g  bo th  the  p r o t e in  and th e  m uco-po lysaccharides o f the 
tongue and the  mouth, causing  a puckery ta s te *
2. THE CHEMISTRY OF THE TANNINS
Chem ically , the  t a n n in s  may be d iv id ed  in to  two broad 
c la s s e s  on the b a s i s  of t h e i r  r e a c t i o n  to hot d i l u t e  m inera l acid* 
Freudenberg (l920) c a l le d  th ese  the  hy d ro lysab le  t a n n i n s , which a re  
s p l i t  by such trea tm en t to y i e ld  a sugar , u s u a l ly  g lu co se ,  and 
g a l l i c  a c id  o r  i t s  congeners , and the  condensed t a n n in s , which on 
h e a t in g  in  a c id  a re  f u r t h e r  po lym erised  o r  condensed to  y i e ld  f i n a l l y  
cream o r red  in s o lu b le  p r e c i p i t a t e s .
As s t a te d  p r e v io u s ly ,  the hydro ly sab le  ta n n in s  which a re  
produced in  oak g a l l s  were th e  f i r s t ^ t o  be examined chem ica lly .
Scheele o b ta in ed  g a l l i c  a c id  from them as e a r ly  as  1786 and P ro u s t  
( 1798) i s o l a t e d  a specimen of oak g a l l  t a n n in  pure enough f o r  him 
s p e c i f i c a l l y  to  reco g n ise  i t  a s  a d i s t i n c t  e n t i t y  and f r e e  from g a l l i c  
a c id .  I t  was not u n t i l  l a t e r ,  however, t h a t  i t  was reco g n ised  t h a t  
g lucose  was a lso  p r e s e n t .  The f i r s t  se r io u s  chemical work on th ese  
compounds was done by Emil F is c h e r  s t a r t i n g  in  the  1900*s and he 
proposed a s t r u c tu r e  f o r  ta n n ic  a c id ,  which has not been overthrown 
up to  t h i s  day* Since F i s c h e r ’ s t im e , the  work on these  compounds 
has been m ainly c a r r i e d  out by Freudenberg and h i s  school a t
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H eidelberg , and t h i s  has heen summarised hy Mayer ( 1958) and Schmidt 
( 1961) .  Most o f the  hydro ly sah le  ta n n in s  which have heen i s o l a t e d  
in  the  c r y s t a l l i n e  s t a t e  and whose s t r u c tu r e s  have heen determ ined 
a re  shown in  F ig u re  1 which i n d ic a t e s  the  s t r u c tu r e  and r e l a t i o n s h i p  
of one w ith  a n o th e r .  In  ta n n in s ,  l ik e  ta n n ic  a c id ,  g a l l i c  a c id  may 
he l in k e d  to i t s e l f  to  g ive d ep s id es  such as  m -d ig a l l i c  a c id  ( l ) .
CO-OH
OH OHOH
I
A depside i s  a compound formed hy the e s t é r i f ic a t io n  of 
a phenolic carh ozy lic  ac id  w ith  a phenol. The union i s  analogous to 
the form ation o f a p ep tid e , ome d ifferen ce  heing that only the dimer 
or trim er i s  formed w ith  the depside hond.
-R.CO.NH.R.- Peptide linkage
-R.CO.O.R.- Depside linkage
FIGURE 1
The h y d ro ly sa b le  t a n n in s ,  F ig u re  tak en  from W. Mayer, (1 9 5 8 ) .
/ " " \ J
K llagengerbstoffPentagalloyl-gluco>ie(Edel-
kastanie)
CorilaginC’hcbulinsâure
Rings r e p r e s e n t  g a l l o y l  groups
E l la g ic  a c id  ( l l )  i s  an i n t e r n a l  double la c to n e  and i s  
r e a d i l y  formed from g a l l i c  a c id  by o x id a t io n  which g iv e s  the  C-C 
bond. In  t a n n in s ,  e l l a g i c  a c id  e x i s t s  a s  the  r i n g  opened form , the
. 1 C o r - l l a g i  n .  { .
carboxyl groups b e ing  l in k e d ' t o  the  sugar (see  F ig .  I  ) »
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The h y d ro ly sab le  ta n n in s  can be i s o l a t e d  from oak g a l l s"A.
and o th e r  p l a n t  p ro d u c ts  and th ey  a re  n ô t  as  w id e ly  d i s t r i b u t e d  a s  
the  condensed t a n n in s .  As they  a re  d i s t i n c t  chem ical e n t i t i e s ,  i t  
seems u n l ik e ly  t h a t  once formed they  change d u r in g  growth of th e  p l a n t .  
Of course  they  a re  su s c e p t ib le  to o x id a t io n  which may lead  to p o ly ­
m e r i s a t io n ,  but the  n a tu re  o f  the  p ro d u c ts  of such r e a c t i o n s  have no t 
been s tu d ie d  and, in  any c a se ,  p ro b ab ly  a re  not formed under normal 
p h y s io lo g ic a l  c o n d i t io n s .
The condensed ta n n in s  a re  reco g n ised  by the  f a c t  th a t  
they  form p r e c i p i t a t e s ,  the ph lobaphenes , when h ea ted  w ith  ho t d i l u t e  
m in e ra l  a c id .  The simple ( t h a t  i s  monomeric) f l a v a n - 3 -o ls  ( th e  
c a te c h in s  I I I )  and the  f l a v a n - 3 ,  4 - d i o l s  ( th e  le u c o -an th o cy a n in s  IV) 
a lso  g ive p r e c i p i t a t e s  under th e s e  c o n d i t io n s .
O H
OH HO
catechin
OH 
HO
gallocatechin
I I I
■ À
! HO
OH 
HO OH 
leucocy anidin
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However, th e se  compounds them selves do no t behave a s  
ta n n in s  in  the  p r e c i p i t a t b n  t e s t s  w i th  p r o t e i n  o r  g e l a t i n ,  a l thou gh  
they  can form in so lu b le  p r e c i p i t a t e s  w ith  a lk a lo i d s  a t  a h igh  
c o n c e n tra t io n .  ( c f .  the  in so lu b le  ch lo ro g en ic  a c id  c a f f e in e  complex 
o b ta in ed  from f r e s h  c o ffe e  b ean s , G o r tn e r ,  I 908) .  The condensed 
ta n n in s  p ro p e r  a re  polym eric  compounds and a re  formed by l in k a g e  of 
monomeric f l a v a n - 3- o l s  ( th e  c a te c h in s )  and of f l a v a n - 3 , 4- d i o l s  
( th e  le u c o -a n th o c y a n in s ) ,  e i t h e r  s e p a r a te ly  o r  to g e th e r ,  and they  
may a lso  c o n ta in  o th e r  p h e n o lic  n u c le i  depending on t h e i r  mode o f  
fo rm atio n .
The f la v a n -3 -o ls  and 3>4 -d io ls  are based on the parent 
compound fla v a n . See below fo r  the numbering o f the fla v o n o id  
n u cleu s, V.
7
6
4
V
A ll the other flavon o id  compounds, e@g. f la v o n o ls  such as q u ercetin  
VI, and anth ocyan id ins, such as cyanidin  VII are based on t h is  
general stru c tu re , and d i f f e r  from each o th er , depending on the  
s ta te  o f ox id a tio n  o f the p ortion s o f the m olecule (carbon atoms 
2, 3 and 4 ) and the number and p o s it io n  o f the p h en olic  hydroxyl, 
groups in  the benzene r in g s  A and B in  V.
The A r in g  u s u a l ly  has a p h lo r o g lu c in o l ,  V I I I ,  o r  a 
r e s o r c in o l  IX p a t t e r n  of hydroScylation; w hereas the B r i n g  has 
e i t h e r  a monophenol, ( 4 *) c a te c h o l  ( 3 ' 4 ' )  o r  p y ro g a l lo l  (3*4^5*) 
h y d ro x y la t io n  p a t t e r n .
HO
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This d i f f e r e n c e  in  h y d ro x y la t io n  of the  two r i n g s  i s  due to t h e i r  
d i f f e r e n t  b io s y n th e t i c  o r i g i n .  The A r i n g  i s  d e r iv e d  from a head 
to t a i l  co ndensa tion  of a c e ta t e  u n i t s ,  w hereas the  B r i n g ,  to g e th e r  
w ith  the  9c p re c u r s o r  o f the  p h e n y la la n in e  ty p e ,  i s  formed v ia  the  
sh ik im ic  a c id  pathway. Both th e se  b io s y n th e t i c  r o u te s  w i l l  be 
d isc u sse d  l a t e r .  Condensed ta n n in s  u s u a l ly  occu r a s  bo th  o ligom ers  
and polym ers, and th e se  compounds, to g e th e r  w i th  the monomers 
( i l l  and IV ), a re  v e ry  w id e ly  d i s t r i b u t e d  in  the  p la n t  kingdom.
To r e t u r n  to the  a c tu a l  s t r u c tu r e  o f  the  condensed 
ta n n in s .  There have been a number o f  t h e o r i e s  pu t  forw ard  to e x p la in  
the  way in  which the  f la v o n o id  u n i t s  may be l in k e d  to g e th e r .  
Freudenberg (1958) suggested  a r e p e a t in g  u n i t  based  on r in g  opening 
o f  the  pyran r i n g  w ith  a 2 —^ 6, \  o r  2"^8% carbon  to  carbon l in k a g e .
1 0 ,
I
!%. OH
1 OH
OH
OH
HO OH
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I ' 2 ^ 6  ( o r 8  )
k.
This su g g es t io n  was "based on experim ents  w i th  the  a c id  
c a ta ly s e d  p o ly m e r is a t io n  of c a te c h in s .  He showed th a t  simple f l a v a n s ,  
such as  7 o4*-d ihydroxy  f l a v a n ,  can , l ik e  c a te c h in ,  he po lym erised  on 
h e a t in g  in  a c id  and, t h e r e f o r e ,  the  3,5> and 3^ hydroxyl groups o f  
c a te c h in  a re  no t o b l ig a to ry  f o r  the  p ro c e s s .  In  o th e r  ex perim en ts ,  
he i s o l a t e d  a dimer o f c a tc h in  which on a n a ly s i s  was shown to have 
s t r u c tu r e  X. He has p o in te d  o u t t h a t  ta n n in  fo rm a tio n  in  heartw oods, 
where condensed ta n n in s  can form over 30^ o f  the  e x t r a c t i v e s ,  i s  a 
slow p ro cess  and s in ce  enzymes a re  no t p r e s e n t  t h a t  i t  must he due 
s o le ly  to non-enzymic r e a c t i o n s .  He showed th a t  the  cond ensa tio n  of 
c a te c h in  can take  p lac e  slow ly hy h o i l i n g  in  w a te r  alone and suggested  
th a t  t h i s  su p p o r ts  h i s  proposed mode o f  p o ly m e r is a t io n .  Hathaway and 
8eElkins ( 195%) have c r i t i c i s e d  t h i s  h y p o th e s is  because a c id  c a ta ly s e d  
r e a c t io n s  r e q u i r e  a low pH ( l e s s  than  2) and a h igh  tem p era tu re  
( g r e a t e r  than 50^C) and p o in t  out t h a t  in  vivo the  pH i s  r a r e l y  a s  
low as  4 o r  the  tem pera tu re  much g r e a t e r  than  30^C.
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Hathway ( 1958) favours an o x id a tiv e  p o lym erisa tio n  to  
l in k  e ith e r  2*—>6 or 8 , XI, or 2*—^ 6*, X II, p o s it io n  depending on 
whether the B r in g  i s  d i -  or tr i-h y d r o x y la te d .
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Both th e s e  su g g e s t io n s  were supported  by experim en ts  w i th  
model compounds. He showed t h a t  a s o lu t io n  of homocatechol in  the  
p resence  of m ethyl p h lo ro g lu c in o l ,  e i t h e r  when t r e a t e d  w ith  pheno lase  
o r  when allow ed to  a u to x id is e  a t  pH 7 .8 ,  y ie ld e d  a polymer s im i l a r  
to t h a t  o b ta in e d  w i th  c a te c h in .  The s e l f -c o n d e n sâ t ion  p ro d u c t o f  
homocatechol was q u i te  d i f f e r e n t .  This le d  him to suggest the  head 
to  t a i l  l in k a g e  f o r  c a te c h in ,  (2*—>6 o r  8 ) ,  XI. On th e  o th e r  hajid/ 
th e  n a tu re  of th e  o x id a t iv e  p o ly m e r is a t io n  p ro d u c t  o f 5“®ethyl 
p y ro g a l lo l  was s im i l a r  to  t h a t  from g a l lo c a te c h in  (X Il)  and was 
u n a f fe c te d  by the p resence  of m ethyl p h lo ro g lu c in o l ,  th u s  su p p o r t in g  
the  t a i l  to  t a i l  (2*—> 6 ')  l in k a g e  f o r  g a l  lo c a te  c h in s ,  XII
These l in k a g e s  can occu r  w ith  a l l  ty p e s  o f  f l a v a n  
m olecu le . There a r e ,  however, some s p e c ia l  l in k a g e s  in v o lv in g  
f l a v a n - 3 ,  4~d.iols ( th e  le u c o -an th o cy a n in s )  o n ly .  Bate-Sm ith  and 
Swain ( l953) were the  f i r s t  to  suggest t h a t  many condensed ta n n in s  
were formed from le u c o -a n th o c y a n in s .  The ev idence  they  b rough t fo rw ard  
to  s u b s ta n t i a t e  t h i s  was the  w idesp read  d i s t r i b u t i o n  o f  l e u c o -  
an thocyan ins  in  p l a n t s  ( c f .  Bate-Sknith, 1962), e s p e c i a l l y  those  o f  
woody h a b i t  which a re  th e  type  from which most commercial ta n n in s  
a re  o b ta in e d ,  and the  f a c t  t h a t  i s o l a t e d  le u c o -an th o cy a n in s  gave the  
s tan d a rd  t e s t s  f o r  t a n n in s .  For example, the  le u c o -a n th o c y a n in s  were 
s t ro n g ly  adsorbed  onto h ide  power, y ie ld e d  p r e c i p i t a t e s  w i th  a l k a l o i d s ,  
gave a re d  c o lo u r  w ith  v a n i l l i n  in  th e  p resen ce  of s t ro n g  a c id s  and 
were markedly a s t r i n g e n t  to  th e  t a s t e .  L euco-an thocyan ins ( f l a v a n - 3 ,  
4 - d io l s )  a re  so c a l l e d  becau se , a l th oug h  c o lo u r l e s s ,  they  g i v e , on 
h e a t in g  in  hot d i l u t e  a c id ,  th e  re d  a n th o c y a n id in ,  X I I I .  For 
example, th e  le u c o -a n th o c y a n id in  IV g iv e s  cy an id in  V II .
HO
SAV
__ OH
O H
x n i ^
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Even the  m olecu les  which a re  o b v io u s ly  polymers 
y ie ld e d  a n th o c y an id in s  under th e se  c o n d i t io n s  and i t  i s  obvious 
t h a t  p a r t  o f the  m acro-molecule a t  l e a s t  must be jo in e d  by 
l in k a g e s  o th e r  than  C-C bonds. This was borne ou t by the proposed 
s t r u c tu r e  of cocoa le u c o -an th o cy a n in  (F o rsy th  and R o b e r ts ,  I 960) 
in  which two f l a v a n  u n i t s  ( e p ic a te c h in  and le u c o -c y a n id in )  a re  
jo in e d  by an e th e r  l i n k  (XIV).
HO HO
XIV
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PreudenlDerg ( 1960) suggested  a s t r u c tu r e  such a s  (XV) 
to  e x p la in  the  f a c i l e  c leavage  of a n th o c y an id in s  from le u c o -  
antho cyanin  polym ers.
11
4 - * 8 ( o r 6 )  
C -C  link HO
XV
More r e c e n t l y ,  F reudenberg  ( 1962) has  i s o l a t e d  
a leu co -an th o cy an in  from C ra taegus oxyZacantha w i th  a 3->2 
e th e r  l i n k ,  (XVl),
15.
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H ergert  ( 1962) ,  w orking w i th  pine h a rk  ta n n in s ,  th ough t 
t h a t  the  4 “^7 and 3-^7 (XVII, XVIIl) e th e r  l i n k s  were the  most 
p robab le  way in  which the  le u c o -an th o cy a n in s  were po lym erised  o r  
jo in e d  to th e  polymers in  the condensed t a n n in s .  T his method of 
condensa tion  would leave  the  3, 4 - d io l  s t r u c tu r e  i n t a c t  bu t  would 
mean a decrease  in  th e  number o f hydroxyl groups
. . .  . .  < !  V  ^
OHO OH
O H OH
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OHOH
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XVII XVIII
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I t  i s  obvious from th e  fo re g o in g  t h a t  we a re  no t ab le  to  
w r i t e  a s t r u c tu r e  f o r  condensed ta n n in s  and i t  i s  p robab le  t h a t  we 
w i l l  never be ab le  to  do so . F o r ,  l i k e  l i g n i n ,  the  l in k ag e  of the  
monomeric f l a v a n s  may occur in  many d i f f e r e n t  ways to  y i e ld  a 
he terogeneous polymer and much work rem ains to  be done to  de term ine  
w hether the  mode of l in k a g e  i s  the  same in  d i f f e r e n t  o rgans  of p l a n t s .
I t  i s  p robab le  t h a t  a l l  ty p es  o f  l in k a g e s  may o c cu r  in  
the condensed ta n n in s  and t h a t  no t ru e  s t r u c tu r e  w i l l  be found f o r  
them. I t  i s  to be expec ted  t h a t  p o ly m e r is a t io n  i s  more f a c i l e l y  
induced by enzyme o x id a t io n  o r  a u to x id a t io n  and t h i s  would e x p la in  
the p resence  o f  o th e r  n u c le i  in  the condensate  which had r e a c te d  
w ith  quinones.
17
B io sy n th e s is
Tannins have been l in k e d  w ith  ca rboh yd ra te  metabolism  
in  the  minds o f  many w o rk e rs .  As e a r ly  a s  1886 V ines s t a t e d  t h a t  
a s  s t a r c h  d isa p p ea red  so a rom atic  g lu c o s id e s  were form ed. This 
c o r r e l a t i o n  between carboh yd ra te  and secondary p la n t  p ro d u c ts  does 
n o t ,  o f  c o u rse , show t h a t  a d i r e c t  r e l a t i o n s h i p  e x i s t s .  R ather 
i t  must be assumed t h a t  r e s u l t s  showing in c re a s e s  in ,  f o r  example, 
an thocyan in  p ro d u c tio n  w i th  in c re a se d  sugar in  c r e s s  s e e d l in g s ,
(Eddy & Mopson, 1951)> may on ly  i n d ic a t e  t h a t  an excess  o f  energy 
i s  r e q u i r e d  f o r  t h e i r  s y n th e s i s .  In  any c a se ,  i t  i s  obvious t h a t  
c a rb o h y d ra te s  be ing  th e  f i r s t  p ro d u c ts  o f p h o to sy n th e s is  a r e ,  in  
f a c t ,  th e  b io s y n th e t i c  p r e c u r s o r s  o f  a l l  o th e r  compounds found in  
p la n t  c e l l s .
In r e c e n t  y e a r s  a s  a r e s u l t ,  on the  one hand, o f 
b iochem ical work on m utan ts  of m icro -o rgan ism s (Davis) and, on the  
o th e r ,  of o rg an ic  chem ical s p e c u la t io n s  (B i r c h ) ,  the  b io  s y n th e s is  
of f la v o n o id  compounds and r e l a t e d  p h e n o lic  su b s tan ces  i s  now 
rea so n ab ly  u n d e rs to o d . B.revioi.ij a ^ ,  two main pathways have been 
found by which a ro m atic  compounds a re  sy n th e s is e d  in  p l a n t s  and th ese  
e x p la in  th e  d i f f e r e n t  ty p es  of h y d ro x y la t io n  p a t t e r n  found in  bo th  
the  A and B r in g s  o f th e  f la v o n o id  n u c le u s .  These two pathways a re  
r e s p e c t iv e ly  th e  sh ik im ic  a c id  pathway which g iv e s  r i s e  to  th e  B 
r i n g  of the f la v o n o id s  and from which g a l l i c  a c id  and i t s  congeners 
a lso  a r i s e ,  and the  a c e ta t e  pathway which le a d s  to the  fo rm a tio n  
of the A r in g  in  f la v o n o id  compounds and to  the  s y n th e s i s  of many 
o th e r  a rom atic  su b s ta n c es  such as  the s t i l b e n e s  and c e r t a i n  o th e r  
mould m e ta b o l i te s .
In  a s e r i e s  o f  o u ts ta n d in g  p a p e rs ,  Davis and h i s  
co-w orkers ( 1955) have shown in  the  b a c t e r i ^ E s c h e r i c h i a  c o l i  the  
a rom atic  r in g  of the amino a c id s ,  phenyl a la n in e  and ty r o s i n e ,  a re  
formed from the hydroxy c a rb o c y c l ic  a c id ,  sh ik im ic  a c id .  This
compound i s  formed from the c o n d en sa t io n  of t e ^ t ro s e  and t r i o se
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FIGUHE 1 
The shikim ic ac id  pathway.
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carbohydrate in te r m e d ia te s  v ia  7 -p h o sp h o -D -g lu co h ep to n ic  a c id . This
compound i s  c y c l is e d  to g iv e  5-d e hyd roq u in ic  a c id  and t h i s  hy the l o s s
o f  w ater g iv e s  5 -d eh yd rosh ik im ic  a c id . The l a t t e r  compound i s  reduced  
naop
hy a TPÎÎ dependant dehydrogenase to  g iv e  sh ik im ic  a c id . A s id e
chain  a r is in g  from p y ru v ic  a c id  i s  added to an a c t iv a te d  phosphate
d e r iv a t iv e  o f  sh ik im ic  a c id  to g iv e  p rep h en ic  a c id .  P rep h en ic  a c id
i s  u n sta b le  and can he r e a d ily  n o n -en zy m ica lly  d eca rh o x y la ted  to  g iv e
p h en y lp yru v ic  a c id  or p-hydroxyphenyl p yru v ic  a c id .  These k eto  a c id s
hy a tran sam in ation  r e a c t io n  g iv e  phenyl a la n in e  and ty r o s in e .  The
2
e s s e n t ia l  s te p s  in  t h i s  ro u te  are shown in  F igu re 1 . I t  i s  probab le  
th a t from r e c e n t work, N eish  ( l9 6 ( i ) ,  the amino a c id s  phenyl a la n in e  
and tj^ ^ s in e  are f i r s t  deam inated to  g iv e  cinnam ic a c id  or p-coum aric  
a c id , and th e se  presum ably combine w ith  th ree  a c e ta te  u n i t s  ( s e e  
below) w ith  r in g  c lo su r e  a t  the e th er  l in k  in  p o s i t io n  1 to  g iv e  
the f la v o n o id  n u c le u s .
I t  i s  now a ccep ted  th a t sh ik im ic  a c id  i s  the p recu rso r  
o f many p h e n o lic  compounds. In  p la n t s ,  sh ik im ic  a c id  and r e la te d  
cyclohexane c a rb o x y lic  a c id s  w ere shown to  have a w id esp read  
d is t r ib u t io n  in  p la n t  t i s s u e  fH a t to r i ,  Y osh id a , Hasegawa (1954)>  
Hasegawa, Nakagawa, Y oshida (1957)')' and has been shown in  is o  to p ic  
s tu d ie s  to  be the p recu rso r  f o r  the B r in g  o f  q u e r c e t in  in  the  
buckwheat (Fagopyrum escu len tu m ) , U n d e r h ill ,  W atkin and N eish  (1 9 5 7 ) .  
At the same tim e , a number o f  r a d io a c t iv e  C^-C^ compounds have a lso  
been shown to  be in co rp o ra ted  in to  the C^(B)-C^ p o r t io n  o f  f la v o n o id  
compounds, and in  the r e la t e d  cinnam ic a c id s ,  Bogorod (1 9 5 8 ) .
In the case  o f  g a l l i c  a c id  and r e la t e d  C^-C^ compounds, 
Haslam ( 1961) su g g ested  th a t t h i s  cou ld  be formed by o x id a t io n  
d ir e c t ly  from sh ik im ic  a c id  w ith o u t l o s s  o f hydroxide fu n c t io n ,
F igu re 1^. Conn and Swain ( 196I)  dem onstrated  th a t  t h i s  r o u te  i s  
more probab le f o r  the form ation  o f  g a l l i c  a c id  in  Geranium pyranacium  
than one in v o lv in g  the l o s s  o f  a u n it  from th e s id e  ch a in  of 
phenyl a la n in e .
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The A c e ta te  Pathway
C o ll ie  (l893>  190?) su g g ested  th a t c e r ta in  arom atics  
could  he formed hy head to  t a i l  co n d en sa tio n  o f  a c e ta te  u n i t s .
This h y p o th e s is  was fo r g o t te n  u n t i l  B irch  ( l9 5 7 )  ob served  th a t  the 
h y d ro x y l, groups in  th e  arom atic r in g s  in  a la r g e  number o f n a tu ra l  
p rod u cts o f  p la n t  and fu n g a l o r ig in  w ere on a lt e r n a te  carbon atom s, 
e.go  th e  A r in g  o f  f la v o n o id  compounds such a s q u e r c e t in , anthecyanijn , 
e t c . ,  see  VI and V II, and he su g g ested  th a t th e se  compounds were 
formed by head to t a i l  con d en sa tion  o f  a c e ta te  u n i t s .  Thus a d d it io n  
o f  th r ee  a c e ta te  u n i t s  to a cinnam ic a c id  would y i e l d  a flavctn one, 
see F igu re  1^. In d eed , u s in g  m icro -o rg a n ism s, B irch  and h i s  co­
w orkers have shown th a t t h i s  th eory  i s  s u b s t a n t ia l ly  c o r r e c t  in  the  
case  o f  many hydroxy arom atic and oxygen h e te r o c y c l ic  compounds
XX.
r a n g in g  from 6 -m e th y l  s a l i c y c l i c  a c id  to  m y co phen o lic  a c id
See o v e rp a g e .
FIGURE r
the  aœtat g Pathj^y
Jo
3C H jC O O H  j  H O O C - C H = C H - ^ ^ ^
HOOC • CH2 CO CH2CO CHg COCH=CH-^
OH 0  c ha| kone
H
X E
21
More r e c e n t l y ,  Bu*lo c h  and Sbialley ( 1961) have shown 
t h a t  th e  l in k a g e  o f  a c e t a t e  m o ie t i e s  i s  p ro b a b ly  v i a  m alonyl 
coenzyme A a s  in  th e  case  o f  th e  s y n t h e s i s  o f  f a t t y  a c i d s .  They 
showed t h a t  t h r e e  o f  the  a c e t a t e  u n i t s  o f  6 -m ethy l s a l i c y l i c  a c id  
came from m a lo n a te ,  and one from a c e t a t e ,  and su g g e s te d  t h a t  t h i s  
mode o f  s y n th e s i s  gave a d i s t i n g u i s h a b l e  "end" to  th e  assem bly  of 
Cg u n i t s  and t h a t  th e  a c e t a t e  would be r e p la c e d  in  th e  f l a v o n o id s  
by c innam ate  th u s  o r i e n t a t i n g  th e  f i n a l  c y c l i s a t i o n .
This b r ie f  o u t lin e  o f the b io s y n th e t ic  r o u te s  to the  
arom atic p o r tio n  o f  the hyd rolysab le  tan n in s and to  the monomers 
which are polym erised in to  the condensed tan n in s shows th a t the 
two groups are d is t in g u ish e d  by the f a c t  th a t on ly  the condensed  
tan n in s req u ire  a c e ta te . Thus we may exp ect th a t the e f f e c t  o f 
g e n e tic  and environm ental f a c t o r s  w i l l  be d i f f e r e n t  in  the two 
typ es o f ta n n in s .
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Summary o f  C hap ter  1
! •  T annins may he d e f in e d  a s  p o ly m eric  p h e n o l ic  compounds
which have th e  p r o p e r ty  o f  c r o s s - l i n k i n g  p r o t e i n .
2. T annins a re  d iv id e d  in to  two c l a s s e s ,  depend ing  on t h e i r  
r e a c t i o n  to  ho t d i l u t e  m in e ra l  a c i d .  The h y d ro ly s a h le  
ta n n in s  which a re  s p l i t  hy t h i s  t r e a tm e n t  and the  
condensed t a n n in s  which a re  f u r t h e r  p o ly m e r is e d .
3. W hereas th e  h y d ro ly s a h le  t a n n in s  have d i s c r e t e  chem ical 
s t r u c t u r e ,  the  condensed t a n n in s  a re  v a r i a b l e  depend ing  
on th e  mode of l in k a g e  o f  t h e i r  f l a v a n  monomers.
4. Most o f  th e  condensed t a n n in s  a re  p o ly m e ric  l e u c o -  
a n th o c y a n in s .
5. C arbohydra te  p r e c u r s o r s  a re  c o n v e r te d  i n to  p h e n o l ic
compounds v i a  two pathw ays: ( i )  th e  sh ik im ic  a c id
pathway to  form th e  p h e n o l ic  p a r t  o f  th e  h y d ro ly s a h le  
t a n n in s  and the B r i n g  in  th e  f l a v o n o id  m o ie ty  o f  th e  
condensed t a n n in s ;  ( i i )  the  a c e t a t e  pathway to  form 
th e  A r i n g  o f  the  f l a v o n o id  compounds in  th e  condensed 
t a n n i n s .
C hapter 2 .
The m etab o lism  o f  t a n n i n s
m
, ' ' 1
-.j.  ' ! - . r
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Chapter 2
1. THE DISTRIBUTION OF THE TAOTINS lüT PLANTS
T annins a re  d i s t r i b u t e d  th ro u g h o u t  most f a m i l i e s  o f  
h ig h e r  p la n t s *  In  c e r t a i n  p a r t s  o f  t a n n in  c o n ta in in g  p l a n t s  th e y  
o c cu r  in  e s p e c i a l l y  h ig h  c o n c e n t r a t i o n s  ( e . g .  a s  much a s  3^ % o f  
th e  d ry  w e ig h t ,  R o t t i e s p e r  ■(•1946^), and i t  i s  from th e s e  p l a n t s  
t h a t  commercial t a n n in  e x t r a c t s  a re  o b ta in e d .  A l i s t  o f  th e  
s p e c ie s  from which th e  main commercial t a n n in s  a re  o b ta in e d  i s  
g iv e n  in  Table 2^. I t  can be seen from t h i s  t h a t  t a n n in s  a re  
p r e s e n t  in  l e a v e s ,  f r u i t s ,  b a rk  and wood. I t  i s  p r o b a b le ,  however, 
t h a t  the  t a n n in s  a re  a c t u a l l y  p r e s e n t  in  a l l  th e  o rg an s  o f  most 
t a n n i f e r o u s  p l a n t s .  Thus W ill ia m s  (1960) has  shown t h a t  l e u c o -  
a n th o c y a n in s  and c a t e c h in s  o ccu r  in  th e  l e a f ,  b a rk ,  wood and r o o t  
b a rk  o f  a l l  th e  v a r io u s  members o f  th e  Pomoideae t h a t  he examined. 
S im i la r ly ,  G r i f f i t h s  (1958) showed a l l  p a r t s  o f  th e  cocoa t r e e  
( Theobroma c a c a o c o n ta in e d  l e u c o - a n th o c y a n in s .  An e x c e p t io n  
to  th e s e  f i n d i n g s  i s  the  f a c t  t h a t  B a te -S m ith  and R ibereau-G ayon 
( 1959) showed t h a t  le u c o -a n th o c y a n in s  w ere p r e s e n t  in  many seed 
c o a ts  o f  p l a n t s  w hich o th e rw is e  d id  n o t c o n ta in  them ( e . g .  V ic ia  
f  a b a ) .
As m entioned  in  C hapter 1 , m o st ,  i f  n o t  a l l ,  o f the  
condensed t a n n in s  a re  d e r iv e d  by th e  p o ly m e r i s a t io n  o f  f l a v a n s .  
F u r th e rm o re ,  on ex am in a tio n  o f  a number o f  i s o l a t e d  t a n n i n s ,  
B a te -S m ith  and Swain (1953) showed t h a t  th e y  y i e ld e d  a n th o c y a n id in  
on t r e a tm e n t  w i th  ho t m in e ra l  a c id  and may th u s  be r e g a rd e d  a s  
po lym eric  l e u c o -a n th o c y a n in s .
Table 2
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Fam ily P la n t Organ Common name o f  ta n n in
Fagaceae Quercus i n f e c t o r i a
G a l l s  caused  
by Cynips T u rk ish
ta n n inO l iv e r t i n c t o r i a  on 
tw ig s .
Fagaceae Quercus a e g i lo p s  L.
G a l l s  caused  
by Cynips 
c a l i c i s
V a lo n ia
Leguminosae C a e s a lp in ia  d igyna  R o t t l . Pods T ara
Leguminosae C . c o r t i n a r i a  (Ja cq )  W illdo Pods D iv i -D iv i
Leguminosae A cacia  c a te c h u  ( L . f . )  W illdo Wood C atechu
Leguminosae A .m o ll is s im a  W il ld . Bark i W a tt le
A naca rd iaceae
S c h in o p s is  b a la n s a e  
E ng l.
S. quebracho c o la rad o Wood Quebracho
B ark ley  and Meyer
A nacard iaceae Rhus c h in e n s i s
Lvs. caused  
by Aphis 
c h in e n s i s
Chinese
ta n n in
Combretaceae T erm id ia  c a ta p p a  L* F r u i t M yrobalan
R ubiaceae U n car ia  gambia Roxb. Lvs and tvigs Gambia
Rubiaceae R h iz sp h o rd ie ae  spp. Bark Mangrove
P in aceae Tsuga c a n a d e n s is  C a rr Bark Hemlock
P in aceae P ic e a  a b ie s  L K a r s t . Bark Spruce
P in aceae
1-
L a r ix  'd e c id u a  
M i l l .  Coste Bark Larch
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F o llo w in g  t h i s  o b s e r v a t io n ,  B a te -S m ith  (1954) and 
B a te -S m ith  and L ea rn e r  ( l9 5 4 )  examined th e  o c c u rre n c e  o f  l e u c o -  
a n th o c y a n in s  in  th e  l e a v e s  of v a r i o u s  p l a n t  s p e c i e s .  The l e a v e s  
were c ru shed  in  d i l u t e  h y d ro c h lo r ic  a c i d ,  h e a te d  to b o i l i n g  f o r  
20 m in u te s ,  and th e  r e s u l t i n g  s o l u t io n  e x t r a c t e d  w i th  a sm all  
q u a n t i t y  o f  amyl a l c o h o l ,  which se rv ed  to  c o n c e n t r a te  any a n th o -  
c y a n id in s  form ed in to  a s m a l le r  volume of s o l u t io n  s u i t a b l e  f o r  
p a p e r  chrom atography , and , a t  th e  same t im e ,  f r e e  them from i n t e r ­
f e r i n g  s u b s ta n c e s .  The amyl a lc o h o l  e x t r a c t s  were examined 
c h ro m a to g ra p h ic a l ly , w hich p e r m i t t e d  th e  i d e n t i f i c a t i o n  o f  th e  
a n th o c y a n id in s  and any o th e r  f l a v o n o id  a g ly c o n es  and r e l a t e d  su b s ta n c e  
which would be formed from t h e i r  g ly c o s id e s  and o t h e r  d e r i v a t i v e s  by 
h y d r o l y s i s .  In  l a t e r  work ( se e  B a te -S b i th  feh -in , Swlî. I 962) , B a te -  
S b ith  re c o rd e d  th e  p re s e n c e  of th e  a n th o c y a n id in s ,  c y a n id in ,  
p e la r g o n id in  and d e lp h i n i d in  (form ed from le u c o - a n th o c y a n in s ) , the  
f l a v o n e s ,  kaerapherol and q u e r c e t i n  and m y r ic e t in ;  and th e  c innam ic 
a c id s ,  p -co u m a ric ,  c a f f e i c , f e r u l i c  and s in a p ic  a c id s  in  abou t 2 ,000  
s p e c ie s  o f  ang iosperm e. He showed t h a t  th e  m onocoty ledons a s  a  group 
a re  c h a r a c t e r i s e d  by h a v in g  few er s p e c ie s  c o n ta in in g  f l a v o n o id  
components th a n  the  d ic o ty le d o n s  and many more s p e c ie s  which have 
the  methoxy c innam ic a c i d s ,  f e r u l i c  and s in a p ic  a c id .  The o th e r  
s i g n i f i c a n t  f a c t  w hich  h as  emerged from t h i s  su rvey  i s  t h a t  the
p re se n c e  o f  le u c o -a n th o c y a n in s  i n  th e  d ic o ty le d o n s  i s  h ig h ly  c o r r e l a t e d
2
w ith  w o o d in ess .  Table 2 i s  a  summary o f  B a te -S m ith * s  w ork .
Table 2
D i s t r i b u t i o n  o f  v a r io u s  c l a s s e s  o f  F la v o n o id  and 
R e la te d  Compounds in  th e  Angiosperm ae. (From 
Svain and B a te -S m ith ,  I 962 )
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C la ss  of Compound
P e rc e n t  of S p e c ie s  examined from
M onocotyledons D ic o ty le d o n s
Woody Herbaceous T o ta l
Leucoantho cy an in s 35 61 19 40
F la v o n o ls 41 90 58 72
C a f fe ic  a c id 65 93 78 • 83
Methoxycinnamic 
a c id s 51 20 46 34
N ull 6 3
I t  can be seen  t h a t  th e  l e u c o -a n th o c y a n in s  a re  e x tre m e ly  w id e sp re a d ,  
e s p e c i a l l y  in  "woody" f a m i l i e s  and , a s  m en tioned  e a r l i e r ,  h i s  r e s u l t s  
f o r  ta n n in  d i s t r i b u t i o n  t a l l i e d  a lm o st e x a c t l y  w i th  th o se  found f o r  
" b o ta n ic a l "  t a n n i n s ,  B a te -S m ith  and M e tc a lf  ( l9 57)*  One o t h e r  im p o r ta n t  
p o in t  i s  t h a t  le u c o -a n th o c y a n in s ,  which y i e ld e d  c y a n id in ,  a re  g r e a t l y  
in  e x c e ss  o f  th o se  which y i e l d  the  o th e r  two a n th o c y a n id in s ;  in d e e d ,  
v e ry  few s p e c ie s  y i e ld e d  p e la r g o n id i n .  The d i s t r i b u t i o n  o f  t h i s  type  
o f  le u c o -a n th o c y a n in  i s  p a r a l l e l e d  by t h a t  of th e  f l a v o n o l s .  In  a 
s e p a r a te  more l im i t e d  su rvey  on t r o p i c a l  f r u i t s ,  F o r s y th  and Simmons 
( 1954) have shown t h a t  th e  a n th o c y a n id in s  a ls o  conform to  t h i s  p a t t e r n .  
I t  a ls o  confirm ed  the  p io n e e r in g  work o f  S i r  R. Robinson ( l9 3 9 )  and 
h i s  co -w o rk ers  made 30 y e a r s  ago on the  o c cu rren c e  o f  the  a n th o c y a n id in  
g ly c o s id e s  in  f lo w e r  p e t a l s .  No su rvey  o f  the  d i s t r i b u t i o n  o f  
h y d ro ly sa h le  t a n n in s  a p p e a rs  to have been c a r r i e d  o u t .
2. THE DISTRIBUTION OF TANNINS WITHIN THE PLANT
I t  i s  n o t  known in  what form t a n n in s  o c cu r  in  r e l a t i v e l y  
dead t i s s u e ,  such a s  h e a r t  wood and o ld  b a rk ,  b u t  i t  i s  g e n e r a l l y
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assumed th a t  th e s e  compounds a re  p r e s e n t  in  th e  v acu o le  in  most 
l i v i n g  t i s s u e ,  a l th o u g h  th e r e  i s  l i t t l e  d i r e c t  ev id en ce  f o r  t h i s  
(v id e  i n f r a . ) .  However, some p l a n t  t a n n in s  have been shown to  o ccu r  
e x c l u s i v e l y  in  s p e c i a l i s e d  c e l l s .  F o r  exam ple, in  the  banana  f r u i t  
(Musa sap ien tum ) th e r e  a re  two ty p e s  o f  t a n n in  c e l l s ;  s i n g l e  c e l l s  
s c a t t e r e d  in  the  sk in  and, the  l a t e x  d u c ts  which a re  p r e s e n t  in  
b o th  sk in  and p u lp .  In  th e  t e s t a  o f  the  bean (P h a se o lu s  v u l g a r i s ) 
F e e n s t r a  (1958) found t h a t  th e  le u c o -a n th o c y a n in s  were e n t i r e l y  
c o n fin e d  to th e  su b -e p id e rm a l l a y e r  o f c e l l s ,  a l th o u g h  he d id  n o t  
i n v e s t i g a t e  w h e th e r  a l l  o r  o n ly  a few of such c e l l s  c o n ta in e d  t a n n i n s .  
In  the  cocoa bean a ls o  t a n n in s  a re  r e s t r i c t e d  to  s p e c i a l  c e l l s  in  
b o th  the  t e s t a  and c o ty le d o n s .  About 105^  o f  th e  c e l l s  in  th e  
c o ty le d o n s  a re  t a n n in  c e l l s ;  th e s e  a re  r e a d i l y  d i s t i n g u i s h a b l e  s in c e  
n o t  o n ly  a re  they  l a r g e r  th a n  the  surrounding  parenchyma c e l l s  b u t  
th ey  a re  d e ep ly  c o lo u re d  a s  th ey  c o n ta in  the  a n th o c y an in  p ig m e n ts .  
Brown ( l9 5 4 )  was a b le  to  s e p a r a te  th e s e  t a n n in  c e l l s  from th e  o t h e r s  
in  d i s i n t e g r a t e d  c o ty le d o n s  by t a k in g  advan tage  o f  t h e i r  h ig h e r  
d e n s i ty  and showed th ey  c o n ta in e d  b e s id e s  l e u c o - a n th o c y a n in s ,  
a n th o c y a n in s ,  c a t e c h in s  and theob rom ine . He a l s o  d e m o n s tra te d  t h a t  
th e s e  c e l l s  d id  n o t  c o n ta in  any enzymes.
In  o th e r  p l a n t s  where s p e c i a l  t a n n in  c e l l s  do n o t  o c c u r ,  
i t  h a s  been g e n e r a l l y  presumed t h a t  the  t a n n in s  a re  s e p a r a te d  
s p a t i a l l y  from the  cy top lasm  which c o n ta in s  enzymes cap ab le  o f  
o x i d i s in g  them. T h is  p resu m p tio n  i s  based  on the f a c t  t h a t  a l th o u g h  
th e  cu t s u r f a c e  o f  many p l a n t s  d a rk e n s  on exposure  to  a i r ,  due to  
the  o x id a t io n  of p h e n o l ic  compounds c a t a ly s e d  by o x id a t iv e  enzymes, 
e s p e c i a l l y  p h e n o la se s  and p e r o x id a s e s ,  no s ig n  o f  d a rk e n in g  o c c u rs  
in  i n t a c t  p l a n t s .  As Onslow ( l9 2 5 )  d e m o n s tra te d ,  most p l a n t s  which 
c o n ta in  p h e n o l ic  compounds a ls o  c o n ta in  p h e n o la se s ;  i t  i s  n a tu r a l  
to presume t h a t  th e s e  components must o ccu r  in  s e p a r a te  p a r t s  o f  
the  c e l l .
T annins have been shown to o ccu r  in  v a c u o le s  by s t a i n i n g  
te c h n iq u e s  which p ro b a b ly  a c c o u n ts  f o r  th e  number o f  r e f e r e n c e s  in  
the  b o ta n i c a l  l i t e r a t u r e  to  t a n n in s  a s  w a s te  p ro d u c t s .  However,
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the  r e s u l t s  o b ta in e d  by s t a i n i n g  te c h n iq u e s  a re  somewhat e q u iv o c a l  
s in c e  th e  p ro c e s s  of f i x i n g  e t c .  a l lo w s  d i f f u s i o n  o f  b o th  the  t a n n in s  
and th e  p r o t e i n  o f  th e  cy top lasm  which can then  form i n s o lu b le  
p r e c i p i t a t e s  in  a p a r t  o f th e  c e l l  where n o rm ally  th ey  do n o t  o c c u r .
More r e c e n t l y ,  Wardrop and Crenshaw ( 1962) have d em o n s tra ted
t h a t  t a n n in s  a re  form ed in  v e s i c l e s  in  th e  cy top lasm  r a t h e r  th an  in
th e  v a cu o le  i t s e l f .  They examined the fo rm a t io n  o f  t a n n in s  in
E u ca ly p tu s  e la e s p h e re  in  th e  xylem ra y  parenchyma c e l l s  in  a r e g io n
n e a r  th e  cambium. They u sed  an e le g a n t  te c h n iq u e  to  d e m o n s tra te  t h i s
by f i r s t  f i x i n g  th e  s e c t i o n s  i n  po tass iu m  perm anganate  and th e n
s t a i n i n g  them w i th  f e r r o u s  su lp h a te  ^ ^formaldehyde s o l u t i o n .  T h is  showed
the  t a n n i n s  a s  a d a rk  s t a i n  in  the  e le c t ro n -m ic ro g ra p h  o f  th e  m a t e r i a l .
They showed t h a t  th e  t a n n in s  w ere formed in  s t a r c h  g r a i n s  i n s i d e  a
c h l o r o p l a s t - l i k e  o r g a n e l l e ,  w hich  th ey  c a l l e d  an a m y lo p la s t .  At f i r s t ,
t a n n in s  w ere form ed a t  the  edge of th e s e  s t a r c h  g r a i n s  and ,on
d i s s o l u t i o n  o f  th e  s t a r c h ,  th e  t a n n in s  f i l l e d  th e  r e s u l t i n g  v e s i c l e .
At the same t im e , th e  c h a r a c t e r i s t i c  l a m e l l a ^ - l i k e  s t r u c t u r e  o f  the
1 '
am y lo p las t  became l o s t .  F ig u re  2 shows t h i s  p ro c e s s  and i s  redraw n 
from Wardrop and Cronshaw 's p a p e r .  This work shows t h a t  in  woody 
t i s s u e s ,  a t  l e a s t ,  th e se  p h e n o l ic  compounds a re  c o n ta in e d  in  s p e c i a l  
'v a c u o le s '  ( v e s i c l e s )  s e p a r a te d  from th e  cy top lasm . I t  i s  p o s s ib l e  
t h a t  th e  v e s i c l e s  may u n i t e  a t  some s ta g e  w i th  the  v a cu o le  p r o p e r  b u t  
t h e r e  seems no re a so n  why t h i s  shou ld  happen. This mode o f  d i s t r i b u t i o n  
may p ro b a b ly  be th e  case  f o r  o th e r  t a n n in  c e l l s .  In  any l i v i n g  c e l l  
i t  seems im probable  t h a t  t a n n in s  a re  form ed, o r  a re  p r e s e n t  f r e e ,  
in  the  cy top lasm  where th ey  cou ld  r e a c t  w i th  any p o ly m e ric  m a t e r i a l  
such a s  p r o t e i n  o r  c e l l u l o s e ,  o r  be o x id i s e d .
29FIGURE 2
The fo rm a t io n  o f  t a n n i n s  i n  r a y  parenchym a c e l l s  i n  E u c a ly p tu s  e l a e s p h o r a
T an n in s  fo rm in g  a t  th e  edge 
o f  th e  s t a r c h  g r a i n s .
Note th e  l a m e l l a e  o f  th e  
a m y l o p l a s t .
2 .
D i s s o l u t i o n  o f  b o th  th e  
s t a r c h  g r a i n  and th e  l a m e l l a e  
i n  th e  a m y lo p la s t .
3 .
V e s ic le  l e f t  by th e  s t a r c h  
g r a i n  becom ing f i l l e d  w i th  
t a n n i n s .
Drawing from an  e l e c t r o n  m ic ro g rap h  by Wardrop and Cronshaw 1962.
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3 -  GENERAL METABOLiavi
V ario u s  w o rk e rs  have shown t h a t  th e  c o n c e n t r a t i o n  of
t a n n in  in  p l a n t s  v a r i e s  d u r in g  th e  p e r io d  of- g row th . Hyland and
h i s  co -w o rk ers  (C la rk ,  P re y ,  Hyland, 1939, S i t t ,  C la rk ,  1941i S i t t ,
Hyland, McKnee, 194&) d em o n s tra ted  such changes in  S en icea  l e s p e d e z a ,
a legum inous p l a n t ,  which i s  grown f o r  f o r a g e .  I t  was o b se rv ed  t h a t
a n im a ls  sometimes l o s t  w e ig h t  when fe d  w i th  S en icea  and t h i s  appeared
to  be c o r r e l a t e d  w i th  th e  t a n n in  c o n te n t  o f  th e  l e a v e s .  The American
w o rk e rs  t h e r e f o r e  examined th e  changes in  th e  amount o f  t a n n in  in  th e
le a v e s  d u r in g  th e  co u rse  o f  th e  se a so n . They d e f in e d  t a n n i n s  a s  th o se
compounds w hich were adso rbed  by h ide-pow der from an aqueous e x t r a c t ,
and th e y  found  a tw o -fo ld  in c r e a s e  in  t a n n in  from May to Ju n e ,  fo l lo w e d
by a slow d e c re a se  to  th e  o r i g i n a l  v a lu e  by O c to b er .  C la rk  and h i s
co -w o rk er ,  1939, a ls o  m easured th e  change in  what they  c a l l e d
" a s t r i n g e n c y " .  They d id  t h i s  by f i r s t  m easu rin g  the  " t o t a l  t a n n in "
as  th e  l o s s  o f  s o l i d s  from a t a n n in  c o n ta in in g  e x t r a c t  by a d s o r p t io n
onto  h id e-p o w d er .  They th e n  washed th e  "tanned" h id e -p o w d er ,  d r i e d
and rew eighed  i t ,  c a l l i n g  th e  amount rem a in in g  on " f ix e d  t a n n i n " .
The d i f f e r e n c e  between th e  " t o t a l  t a n n in "  and th e  " f ix e d  t a n n in "
th e y  c a l l e d  " a s t r i n g e n c y " .  ( i f  one t a k e s  th e  normal d e f i n i t i o n  o f
a s t r in g e n c y  a s  t h a t  p r o p e r ty  o f  t a n n in s  to  c r o s s - l i n k  th e  c o l la g e n
and o t h e r  p r o t e i n ,  th e n  th e  amount o f  t a n n in  f i x e d  onto  th e  h ide-pow der
would be a b e t t e r  i n d i c a t i o n  o f  t h i s  p r o p e r ty  th an  th e  amount washed
o f f . )  The change in  th e s e  two components in  S enéc ia  l e p i d e z i a  le a v e s
2
i s  shown f o r  th e  e a r l y  p a r t  o f  th e  se a so n . P ig .  2 , Graph 1 . I t  can
be seen from t h e i r  r e s u l t s  t h a t  th e  changes in  each f r a c t i o n  i s
2
ro u g h ly  th e  same. P ig .  2 , Graph 2, shows th e  change in  t o t a l  t a n n in  
th ro u g h o u t  th e  seaso n .
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FIGURE 2
The change in  the  t a n n in s  i n  th e  l e a v e s  o f  S e n e c ia  l e p i d e z i a *
20 .
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S/raln and H i l l  i s  ( l9 59 )  s tu d ie d  the  change in  100^ m ethanol 
s o lu b le ,  30^  aqueous m ethanol s o lu b le ,  and in s o lu b le  p h e n o l io s  in  the  
l e a v e s  o f  a plum t r e e  (Prunus d o m e s tic /a  v a r  V ic to r i a )  th roug h  the  
growing season . They found t h a t  p h e n o lic  compounds in  the  100^ e x t r a c t  
(m ain ly  l e u c o -a n th o c y a n in s ,  c h lo rc g e n ic  a c id  and q u e r c e t in  g ly c o s id e s )  
changed a c c o rd in g  to  a g e n e ra l  growth curve w i th  a peak  abou t J u l y ,  
th e n  a g ra d u a l  d e c re a s e .  The 50^ m ethanol s o lu b le  m a t e r i a l s  which they  
su gges ted  were a lm cs t  e n t i r e l y  po lym eric  le u c o -a n th o c y a n in s  a l s o  
in c re a s e d  in  the  e a r l i e r  p a r t  o f  the  season  bu t a t  a much slow er r a t e .  
H i l l i s  and Swain su g g es ted  t h a t  th e s e  changes could  be i n t e r p r e t e d  a s  
an i n i t i a l  s y n th e s i s  in  th e  young l e a v e s  o f  monomeric le u c o -a n th o c y a n in s  
which were p o lym erised  a s  th e  l e a v e s  m atu red , th u s  l e a d in g  to  a drop 
in  the  100^ so lu b le  t a n n i n s .  The drop in  the  50^ m ethanol s o lu b le s  was 
p a r a l l e l e d  by an in c re a s e  in  the  in s o lu b le  t a n n in s  p r e s e n t  in  the  
r e s id u e  m easured by h e a t in g  a p o r t i o n  o f  th e  e x t r a c t e d  r e s id u e  in  
b u ta n o l - h y d r c c h lo r i c  a c id .  The g e n e ra l  f a l l  in  th e  v a lu e s  of t o t a l  
t a n n in s ,  t h a t  i s  lOO^J, 50^  m ethanol and in s o lu b le  t a n n in s  t h a t  was 
observed  tow ards the  end o f  th e  season  was p ro b ab ly  due to  f u r t h e r  
c o n d en sa t io n  which g iv e  polym ers which y i e l d  l e s s  a n th o c y a n id in  p e r  
u n i t  w e igh t  by th e  methods of a n a l y s i s  th an  do th e  sim ple  monomers (se e  
Roux and P a u lu s ,  I 962 , C hapter 3 ,  page 4-9 ) .
In  l e a v e s  which were on th e  shady ( i . e o  n o r th )  s id e  o f  
th e  t r e e ,  th ey  found t h a t  th e  p ro d u c t io n  o f  the  maximum amount o f  t a n n in s  
was de lay ed  and th e r e  was a l s o  an o v e r a l l  d e c re a se  in  the  t o t a l  amount 
o f  p h e n o l io s  form ed. The p r o p o r t io n  o f  le u c o -a n th o c y a n in s  in  th e  sunny 
le a v e s  was found to  in c re a s e  u n t i l  A ugust, b u t  in  th e  shaded le a v e s  
t h i s  in c r e a s e  went on u n t i l  September. T h is  f a c t  was ta k e n  to i n d ic a t e  
t h a t  leuco -an thccyan inà j s y n t h e s i s ,  a s  d i s t i n c t  from s y n th e s i s  of o th e r  
p h e n o l io s ,  c o n tin u ed  th ro u g h o u t th e  season  and t h a t  i t  was connec ted  
in  some way w i th  l i g h t  i n t e n s i t y .  This h y p o th e s is  i s  d i s c u s s e d  in  
th e  n ex t s e c t io n .
B e s id es  th e s e  changes in  t a n n in s  in  le a v e s  th rou gh  the  
season , t a n n in s  a ls o  change in  r ip e n in g  f r u i t .  Many f r u i t s  a re  
ex trem ely  a s t r i n g e n t  when u n r ip e ;  f o r  exam ple, c e r t a i n  a p p le  v a r i e t i e s .
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plum s, q u in c e s ,  banana and persimmon. This a s t r in g e n c y  i s  l o s t  when 
most f r u i t s  r i p e n ,  b u t  no t in  o t h e r s ,  f o r  example c r a b - a p p le .  Weurman 
and Swain ( l955 )  found a r a p id  drop in  t o t a l  p h e n o ls  pe r  u n i t  w eigh t 
in  a p p le s  from 50 days a f t e r  p e t a l  f a l l  u n t i l  f u l l  m a t u r i t y ,  I 50 days 
l a t e r .  Here, th e  main p h e n o l ic  compounds a re  le u c o -a n th o c y a n in s  and 
c h lo rc g e n ic  a c id ;  th e s e  r e s u l t s  have been confirm ed  by Hulme (1958). 
S im i la r  changes were found by H i l l i s  and Swain (1959) f o r  th e  le u c o -  
an th o c y an in s  in  the  plum f r u i t .
The e a r l i e s t  o b s e rv a t io n  on the  g e n e ra l  l o s s  o f 
a s t r in g e n c y  du rin g  r i p e n in g  o f  f r u i t  was made by Lloyd ( 19I I ;  1912) 
who examined changes in  t a n n in s  d u r in g  the  r ip e n in g  o f  persimmon.
He su g g e s te d  t h a t  th e  d e c re a se  in  a s t r in g e n c y  was caused  by th e  t a n n in s  
combining w i th  a s p e c i f i c  c a rb o h y d ra te  c o l l o i d  to form in s o lu b le  m a t e r i a l .
A n o ta b le  c o n t r i b u t i o n  was made by B a rn e l l  and B a rn e l l  
( 194^) who i n v e s t i g a t e d  th e  changes in  a s t r in g e n c y  in  th e  banana d u r in g  
r ip e n in g .  They i n v e s t i g a t e d  th e  problem b o th  a n a to m ic a l ly  and c h e m ic a l ly .  
As m entioned e a r l i e r ,  th ey  showed t h a t  t a n n in s  a re  c o n fin e d  to  
s c a t t e r e d  ta n n in  c e l l s  in  th e  sk in  and in  the  l a t e x - c o n t a i n i n g  c e l l s .
They showed th e r e  was no change in  th e  appearance  c f  the  t a n n in s  in  
the s c a t t e r e d  c e l l s  on r ip e n in g ;  th e  l a t e x  in  the  r i p e  f r u i t ,  however, 
in s t e a d  of b e in g  f r e e  f lo w in g ,  congealed  and" s o l i d i f i e d  and th e  ta n n in  
in  the  l a t e x  c e l l s  p a r t l y  d is a p p e a re d  and p a r t l y  seeped in to  a d ja c e n t  
c e l l s .  They a ls o  measured changes in  th e  t a n n in s  o f  th e  f r u i t  on 
r ip e n in g  by m easuring  the  e f f e c t  c f  co ld  w a te r  e x t r a c t s  o f  the  f r u i t  
on the  tim e f o r  a s ta n d a rd  s t a r c h  s o l u t io n  to  be h y d ro ly se d  by d i a s t a s e .  
They dem on s tra ted  t h a t  th e  time was g r e a t l y  in c re a s e d  in  th e  p re sen c e  
of t a n n ic  a c id  and th e  same e f f e c t  was caused  by e x t r a c t s  from th e  
u n r ip e  f r u i t .  To show t h a t  t h i s  i n h i b i t i o n  was caused by t a n n in ,  
th ey  t r e a t e d  b o th  the  e x t r a c t  and th e  t a n n ic  a c id  s o l u t i c n  w i th  h id e -  
powder and showed th a t  n e i t h e r  o f  th e  f i l t r a t e s  caused any r e d u c t io n
of th e  d i a s t a s e  a c t i v i t y .  T h e ir  r e s u l t s  show t h a t  a f t e r  IO days in  
a s to r e  a t  53° and 68°P. t h e r e  was an enormous change in  t h i s  tanni: 
f r a c t i o n .  F ig u re  2^ (Graph 3 ) .  However, th ey  g iv e  no i n d i c a t i o n a s
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to  th e  f a t e  o f  those  t a n n in s  which d i s a p p e a r .  I t  i s  p ro b ab le  t h a t ,  
a s  in  the  le a v e s  o f  th e  plum, th e  t a n n in s  a re .p o ly m e r is e d  and th e r e f o r e  
a re  l e s s  e z t r a c t a b l e .  T his change-would a l s o  causé a d e c re a se  in  
a s t r in g e n c y  a s  judged by t a s t e .
FIGURE 2-^
The change i n  th e  '’a c t i v e  t a n n in s "  i n  th e  p u lp  o f  th e  banana 
on r i p e n i n g ,  from B a r n e l l  and B a r n e l l  (1 9 4 5 ) .
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4o THE EFFECT OF ENVIROIMUTAL FACTORS
(a) L ig h t
V arious  env iron m en ta l  f a c t o r s  have been shown to a f f e c t  
s y n th e s is  of ta n n in s  and r e l a t e d  p h e n o ls .  In  th e  Strain and H i l l i s  
experim ent d e s c r ib e d  p re v io u s ly  i t  was shown t h a t  l i g h t  was an 
im p o rtan t  f a c t o r .  In  l e a v e s  which were t o t a l l y  shaded a t  a time 
when monomeric ( i . e .  100^ m ethanol s o lu b le )  le u c o -a n th o c y a n in s  were 
in c r e a s in g  r a p i d l y  (end o f  June) th e  amount o f  le u c o -a n th o c y a n in s  
in  th e  shaded le a v e s  d id  n o t  a l t e r  and t h i s  i n d i c a t e s  t h a t  le u c o -
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an th o c y an in  s y n th e s i s  i s  e i t h e r  c a ta ly s e d  hy l i g h t  o r  was perh aps  
dependant on a supply  o f  p h o to s y n th e t i c  a s s i m i l a t e s .  When le a v e s  
were shaded in  th e  l a t t e r  p a r t  o f  th e  season  (m id -Ju ly )  when th e  amount 
o f  100^ m ethanol so lu b le  t a n n in s  was d e c re a s in g  and the  l e u c o -  
an th o c y an in s  in  the  50^  m ethanol was s t i l l  i n c r e a s in g  ( t h a t  i s  
p o ly m e r is a t io n  was ta k in g  p l a c e ) , shad ing  a g a in  d e lay ed  th e s e  changes 
i n d i c a t i n g  t h a t  l i g h t  may c a ta ly s e  the  p o ly m e r is a t io n  p ro c e s s .
See Table 2^. ^
Table 2^
- I  .  i B j  ,
Date t e s t  commenced Sample  ^ ^  L euco-an th ocyan inand D u ra tio n S t a r t End
20 June 
13 days '
Shaded
C on tro l
32
32
32
50
23 J u ly  
17 days
Shaded
C on tro l
36
36
36
32
P h i l i p s  ( 1954) d em ons tra ted  a s im i l a r  e f f e c t  o f  l i g h t  i n t e n s i t y  on 
l i g n i n  s y n th e s i s  in  th e  ash  (F ra x in u s  e l c e l s i o r )
(b) M inera l N u t r i t i o n
M inera l n u t r i t i o n  i s  a ls o  im p o r ta n t ;  f o r  exam ple,
Davis Coulson and Lewis ( 196O) compared th e  t a n n in s  which were capable  
o f  p r e c i p i t a t i n g  g e l a t i n  in  oak and beech le a v e s  from t r e e s  grown 
on b o th  m ull and mor s i t e s .  They found t h a t  th e r e  was th r e e  t im es 
a s  much t a n n in  in  th e  l e a v e s  from the  t r e e  grown on th e  mor s i t e  
a s  compeired w ith  th e  m ull s i t e ;  t h a t  i s ,  more t a n n in  was formed 
on th e  b ase  poor s i t e .
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Handley (1954) had p r e v io u s ly  sug g es ted  t h a t  th e  
d i f f e r e n c e  in  humus on m ull and mor s i t e s  was due to  th e  s t a b i l i t y  
o f  the  tanned  p r o t e i n  of th e  l e a v e s .  Jenkenson  (1958) had shown 
t h a t  po tass iu m  d e f i c ie n c y  in  s i t k a  sp ruce  s e e d l in g s  caused an 
in c re a s e  in  a n th o cy an in  in  th e  l e a v e s .  S t i t t ,  Hyland and McKee 
( 1946) had d em o ns tra ted  t h a t  s o i l  type was im p o rtan t  in  d e te rm in in g  
the amount o f  ta n n in  in  the  le a v e s  of Senecia  l e p i d e z i a . These 
r e s u l t s  d em o ns tra te  th e  im portance  of m in e ra l  n u t r i t i o n  on the  
p ro d u c t io n  o f  p la n t  secondary  p ro d u c ts .
( c ) . G enetic  E f f e c t s
A most im p o rtan t  f a c t o r  a f f e c t i n g  the  p ro d u c t io n  of 
t a n n in s  i s ,  o f  c o u rse ,  g e n e t i c .  F e e n s t r a  i n v e s t i g a t i n g  th e  pigment 
p r e s e n t  in  the  seed coa t  o f P h a se o lu s  v u l g a r i s  found t h a t  th e  
p resen c e  o r  absence of le u c o -a n th o c y a n in s  was c o n t r o l l e d  by a s in g le  
gene _3h ( r e c e s s iv e  s h ) . In  the  p re sen c e  o f  _Sh, bo th  the  mono and 
d ih y d ro x y la te d  le u c o -a n th o c y a n in s  ( l e u c o - p e la r g o n id in  and le u c o -  
c y an id in )  were fo n n ed . A nother gene V c o n t r o l l e d  the  fo rm a t io n  
of th e  t r ih y d ro x y  compounds and when p r e s e n t  w i th  _Sh l e u c o -  
d e lp h in id in  was fo m e d ;  V had no e f f e c t  on le u c o -a h th o c y a n in  
fo rm a tio n  in  the p re sen c e  o f  th e  r e c e s s iv e  gene sh .
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Summary of C hapter 2
1. A g e n e ra l  d i s t r i b u t i o n  of t a n n in s  in  p l a n t s  has  been 
d is c u s s e d ;  le u c o -a n th o c y a n in s  a re  p r e s e n t  in  40^ of 
th e  angiosperm e and were shown to  be a s s o c i a t e d  w i th  
"w oodiness" . I t  i s  p ro b ab le  t h a t  th e s e  compounds a re  -4^
p r e s e n t  in  a l l  o rg an s  o f  t a n n i n i f e r o u s  p l a n t s .
Tannins a re  sometimes lo c a te d  in  p l a n t s  in  s p e c i a l  
ta n n in  c e l l s  bu t more o f t e n  a re  co n fined  to  th e  vacu o le  
o r  to  s p e c ia l  v e s i c l e s  in  most c e l l s  o f  the  t a n n i n -  
b e a r in g  o rgan .
3. The c o n c e n t r a t io n  o f  t a n n in s  changes in  l e a v e s  d u r in g  
th e  growing seaso n , and in  f r u i t s  d u r in g  r i p e n in g .
This l a t t e r  change causes  a d im in u t io n  in  a s t r in g e n c y .
4 . Both env ironm enta l f a c t o r s ,  l i g h t  and m in e ra l  n u t r i t i o n ,  
and g e n e t ic  f a c t o r s  have been shown to  in f lu e n c e  ta n n in  
s y n th e s i s .
C h ap te r  3*
Chemical m ethods o f  a n a l y s i s  and s e p a r a t i o n 
o f  t a n n i n s .
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Chapter 3
METHODS PGR THE ANALYSIS OF TANNINS 
lo INTRODUCTION
I t  was p o in te d  ou t in  th e  p re v io u s  c h a p te r  t h a t  one of 
th e  most rem arkab le  changes w hich ta k e  p la c e  in  many f r u i t s  on 
r ip e n in g  i s  th e  r e d u c t io n  in  th e  amount of t a n n i n s ,  and t h i s  i s  
accompanied by a r e d u c t io n  in  the a s t r in g e n c y  o f  th e  f r u i t .  The 
q u e s t io n  "what i s  meant by a r e d u c t io n  in  th e  amount o f ta n n in s ? "  
does not seem to  have been s a t i s f a c t o r i l y  answered by p re v io u s  
w orke rs  in  t h i s  f i e l d .  In  f a c t ,  i t  g e n e r a l ly  seems to  have been 
assumed t h a t  t a n n in s  a c t u a l l y  d is a p p e a r  ( t h a t  i s ,  a re  m e ta b o l ise d )  
d u r in g  the  r ip e n in g  p r o c e s s .  T h is ,  o f  c o u rse ,  m ight be t r u e  and th e  
t o t a l  q u a n t i t y  of t a n n in  may be le s s e n e d ;  bu t  i t  i s  e q u a l ly  p o s s ib le  
t h a t  t h e r e  i s  no a c tu a l  l o s s  b u t ,  i n s t e a d ,  a change in  th e  chem ical 
r e a c t i v i t y  of th e  t a n n i n s ,  t h a t  i s ,  th e  same amount o f t a n n in  may 
g iv e  l e s s  r e a c t i o n  w i th  th e  r e a g e n t  u sed  f o r  th e  a n a l y s i s .  
A l t e r n a t i v e l y ,  th e  amount of e x t r a c t a b l e  ta n n in  m ight change due 
e i t h e r  to  p o ly m e r is a t io n  o r  to  b in d in g  onto  c e l l u l a r  p r o t e i n  o r  
p o ly sa c c h a r id e  m a t e r i a l .  The work d e s c r ib e d  in  t h i s  and th e  n ex t  
two c h a p te r s  a t te m p ts  to  o b ta in  some i n s i g h t  in to  th e  d i f f e r e n t  ways 
in  which a r e d u c t io n  in  t a n n in  might be e x p e r ie n c e d .  In  t h i s  
c h a p te r ,  methods have been developed  o r  ex tended  f o r  th e  chem ical 
a n a l y s i s  o f t a n n in s  which may y i e l d  in fo rm a t io n  about th e  deg ree  
of p o ly m e r is a t io n ,  and o th e r  methods by which v a r io u s  ta n n in  polym ers 
m ight be se p a ra te d  by sim ple means. The n e x t  c h a p te r  (C h ap te r  4 ) 
d e s c r ib e s  th e  a p p l i c a t i o n  o f  th e s e  methods to  the changes o f  t a n n in s  
which occu r  d u r in g  th e  r ip e n in g  o f  f r u i t s .  F i n a l l y ,  in  C hap ter  5 
exp erim en ts  a re  d e s c r ib e d  f o r  d e te rm in in g  changes in  a s t r in g e n c y  by 
m easuring  th e  b in d in g  power o f  t a n n in s  f o r  enzyme p r o t e i n  suid ways 
in  which t a n n in s  can be rec o v e re d  from such complexes f o r  f u r t h e r  
s tu d y .
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2. PRACTICAL METHODS OF DETERLIINATION
Most o f  th e  c l a s s i c a l  methods f o r  th e  d e te rm in a t io n  of 
t a n n in s  in  p l a n t  e x t r a c t s  have been developed  f o r  u se  w i th  commercial 
t a n n in  e x t r a c t s  (se e  M i tc h e l l  1936, Schmidt 1955)* Since such e x t r a c t s  
a re  a v a i l a b l e  in  l a r g e  q u a n t i t i e s  and a ls o  c o n ta in  l a r g e  amounts o f 
t a n n in ,  i t  i s  h a rd ly  s u r p r i s i n g  to f i n d  t h a t  th e s e  methods a re  
u n s u i t a b le  in  t h e i r  o r i g i n a l  form f o r  th e  d e te rm in a t io n  o f  t a n n in s  
in  p l a n t  t i s s u e  g e n e r a l l y .  Thus th e  c l a s s i c a l  Lowenthal perm anganate 
t i t r a t i o n  ( 1877) i s  c a r r i e d  out on the  ta n n in  e x t r a c t  in  th e  p re se n c e  
of in d ig o  carmine a s  an o x id a t io n  r e d u c t io n  i n d i c a t o r  on a l i t r e  
s c a l e .  The c l a s s i c a l  h ide-pow der method o f  a n a l y s i s  ( se e  Schmidt 1955) 
in  which the  t a n n in s  a re  adsorbed  from s o lu t io n  i s  a g r a v im e t r i c  
p ro ce d u re .  This i s  a lso  t r u e  o f  the  S t ia s n y  method, (D uthie  1938), 
in  which an in s o lu b le  polymer i s  formed by r e a c t i n g  the  ta n n in  w i th  
a b o i l i n g  s o lu t io n  o f  form aldehyde in  h y d ro c h lo r ic  a c id  s o l u t i o n ,  
and th e  Duthie method (D uth ie  1938) which r e l i e s  on p r e c i p i t a t i o n  
o f  th e  ta n n in  w i th  c incho n in e  s u lp h a te .  These m ethods, b e s id e s  b e in g  
time consuming, cannot be a p p l ie d  f o r  th e  d e te rm in a t io n  o f  m il l ig ra m  
amounts of m a t e r i a l .  The l a s t  th r e e  p ro c e d u re s  p ro b ab ly  measure 
ta n n in s  o n ly ,  bu t th e  Lowenthal and o th e r  methods o f  t h i s  type  ( f o r  
example, the  F o l in -D e n is )  which could be used f o r  th e  d e te rm in a t io n  
o f  sm a lle r  amounts o f t a n n in ,  use  r e a g e n t s  which w i l l  a ls o  r e a c t  
w i th  o th e r  p h e n o lic  compounds o f te n  p r e s e n t  in  e x ce ss  o f  th e  t a n n in s .
I t  was o f  i n t e r e s t  to  i n v e s t i g a t e  more u n equ ivoca l  methods f o r  th e  
a n a l y s i s  o f  ta n n in s  p ro p e r  which can be a p p l ie d  on th e  microgram 
sc a le  and to  use  r e a g e n t s  which cou ld  measure p o ly m e r is a t io n .
Such c o n s id e r a t io n s  l e d  to  th e  r e j e c t i o n  o f  the  
g r a v im e t r ic  and t i t r i m e t r i c  methods o f  a n a l y s i s ,  w i th  t h e i r  p o s s ib le  
e r r o r s  when a p p l ie d  to  su b -m ill ig ram  q u a n t i t i e s ,  and a l l  th e  methods 
examined were c o lo r im e t r i c  o r ,  more p r o p e r ly ,  sp e c t ro p h o to m e tr ic .
We may d iv id e  such methods f o r  a n a l y s i s  o f  ta n n in s  
in to  f o u r  ty p e s .  Those w hich use  r e a g e n t s  which r e a c t  w i th  a l l  
p h e n o lic  h y d ro x y l g ro u p s ,  e . g .  F o l in - D e n is ,  L ow enthal; t h o s e  in
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which v a r io u s  p h e n o lic  n u c l e i ,  f o r  example the  o r th o  o r  m eta­
d ihyd ro xy  g roups r e a c t ,  eog. f e r r o u s  s a l t s ,  v a n i l l i n  h y d ro c h lo r ic  
a c id ;  th o se  r e a g e n t s  which r e a c t  w i th  a c t iv x a t e d  a ro m a tic  r i n g s ,  
e .g .  d i a z o t i s e d  am ines, 4-amino a n t ip y r in e ;  and th o se  w hich measure 
o n ly  f l a v a n  u n i t s ,  o f  which the  on ly  type i s  th e  le u c o -a n th o c y a n in  
d e te r m in a t io n .
B e s id es  c o lo r im e t r ic  p ro c e d u re s ,  d i r e c t  s p e c t ro p h o to — 
m e t r ic  m ethods have heen used . A ll  t a n n in s ,  c o n ta in in g  a s  th ey  do 
« c o n j u g a t e d  p h e n o l ic  g rou ps , absorb  in  th e  280-290 my^ range  
(F ig .  3 ) j  bu t  a b s o r p t io n  in  t h i s  r e g io n  i s  a ls o  shown by sim ple 
p h e n o l ic  s u b s ta n c e s  ( e . g .  t y r o s in e )  a s  w e l l  a s  by p r o t e i n s ,  n u c le ic  
a c i d s ,  c a r o t e n e id s  and a whole h o s t  o f  o th e r  compounds. A lthough 
the m o le c u la r  e x t i n c t i o n  c o e f f i c i e n t s  and c o n c e n t r a t io n s  o f  many 
o f th e s e  o t h e r  compounds may be so low th a t  they  would no t i n t e r f e r e  
g r e a t l y ,  c e r t a i n  common con ju ga ted  p h e n o lic  su b s ta n c e s  ( e . g .  q u e r c e t in )  
have v e ry  h ig h  v a lu e s  o f  t. < o4-j, and the  method i s  th e r e f o r e  
r e l a t i v e l y  u n s a t i s f a c t o r y .
(a )  Metho(^ f o r  B e te m in in g  th e  C o n c en tra t io n  of T o ta l  Phenols
Many o f  the  p re v io u s  w orkers  examining changes in  
p l a n t s  have u sed  r e a g e n t s  which e s t im a te  t o t a l  p h e n o ls .  Most o f 
th e s e  r e a g e n t s  a re  o x id a n t s ,  e .g .  pe rm angana te , which them se lves  
change c o lo u r  (o r  lo s e  co lo u r)  on concom itant r e d u c t io n .  I f  one 
assumes t h a t ,  in  say , a f r u i t  on r i p e n in g ,  the  changes which o ccu r  
in  th e  p h e n o l ic  f r a c t i o n  a re  m erely  due to a l o s s  in  t a n n in s ,  the  
c o n c e n t r a t i o n  of o th e r  p h en o ls  rem ain ing  the  same, th en  measurement 
u s in g  such r e a g e n t s  i s  u s e f u l .  A wide v a r i e t y  o f  r e a g e n t s  can be 
u se d .  Swain and H i l l i s  ( l959) examined many o f  th e s e  and concluded  
t h a t  no advan tage  was to  be ga ined  by u s in g  any one and chose th e  
F o l i n —D enis method which has  been used  in  t h i s  i n v e s t i g a t i o n .  The 
F o l in -D e n is  r e a g e n t  i s  a complex m ix tu re  o f phospho-m olybdic  and phospho- 
t u n g s t i c  a c id s  w hich o x id is e  p h e n o l ic  compounds and a re  th em se lv es  ^  
red u ced  to g iv e  a m ix tu re  of molybdenum and tu n g s te n  b lu e s  ( se e  P i g . 3 ) *
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The c o lo u r  p ro d u ce d  i s  s t a b l e  and h a s  a b ro a d  maximum from  620-740 
T h is  r e a g e n t  d o e s  n o t  r e a c t  i n  a s t o i c h i o m e t r i c  m anner w i th  p h e n o l i c  
h y d ro x y l  g ro u p s  f o r  i t  can be seen  from  T ab le  3 .1 ,  p y r o g a l l o l  (w i th  
t h r e e  h y d ro x y l  g ro u p s )  r e a c t s  l e s s  th a n  c a t e c h o l  (w i th  two such  g ro u p s )  
and w h e re a s  hom o ca techo l g i v e s  l e s s  c o lo u r  th a n  c a t e c h o l ,  m e th y l  
p y r o g a l l o l  g i v e s  more c o lo u r  th a n  p y r o g a l l o l .  T h is  n o n - s t o i c h i o m e t r y  
i s  a f e a t u r e  o f  a l l  such r e a g e n t s  and p re su m ab ly  d ep en ds  on the  
r e l a t i v e  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l s  o f th e  v a r i o u s  p h e n o l i c  
g ro u p in g s .  N e v e r t h e l e s s ,  i n  th e  c a t e c h i n s  th e  i n t e n s i t y  o f  c o lo u r  
p ro d u ce d  i s  a p p ro x im a te ly  the  same a s  t h a t  o b t a in e d  by a d d i t i o n  o f  
the  c o lo u r  g iv e n  by th e  s e p a r a t e  p h e n o l i c  n u c l e i .  Thus e p i c a t e c h i n ,  
w hich  h a s  one p h l o r o g l u c i n o l - t y p e  r i n g  aid one c a t e c h o l - t y p e  r i n g ,  
g i v e s  a c o lo u r  w h ic h  i s  a b o u t  th e  same a s  t h a t  g iv e n  by a  m ix tu re  
o f  th e  two s e p a r a t e  compounds. One may assum e, t h e r e f o r e ,  t h a t  
c a t e c h i n  p o ly m ers  g iv e  a p p ro x im a te ly  th e  same amount o f  c o lo u r  w i t h  
th e  F o l in - D e n is  r e a g e n t  on p o l y m e r i s a t i o n  u n l e s s  t h e  p h e n o l i c  
h y d ro x y l  g ro u p s  a r e  in v o lv e d .  T h is  means t h a t  F re u d e n b e rg * s  and 
H a th w ay 's  s u g g e s te d  p o ly m ers  ( s e e  C h a p te r  1 ,  page7o,/7), p r o v id in g  
i n  th e  l a t t e r  th e  orbho-quinones w ere  r e d u c e d ,  sho u ld  g iv e  a m o le c u la r  
e x t i n c t i o n  c o e f f i c i e n t  s i m i l a r  to  th e  monomers, b u t  B e r g e r t ' s  ty p e  
o f  po lym er ( s e e  C h a p te r  1 ,  p .  I 5 ) j  w here  th e  7-OE group  i s  in v o lv e d ,  
may be e x p e c te d  to  g iv e  l e s s  c o lo u r  p e r  u n i t  f l a v a n  m o le c u le .
Method
The f i n a l  m ethod u se d  was s c a l e d  down from  t h a t  g iv e n  
by Swain and H i l l i s  (1959)*
R e a g e n ts
(a )  F o l in - D e n i s  r e a g e n t ,
(R ec ip e  f o r  F o l in - D e n is  from  th e  " O f f i c i a l  and 
T e n t a t i v e  M ethods o f  A n a ly s i s "  o f  th e  A s s o c i a t i o n  o f  O f f i c i a l  
A g r i c u l t u r a l  C h e m is ts ,  8 th  e d n , , 1955> P* 144, W a sh in g to n .)
750  m is .  w a te r  a r e  r e f l u x e d  w i th  100 g .  o f  sodium 
t u n g s t a t e  (Na2W0^ . 2H^o) 20 g ,  o f  phosphom olybd ic  a c i d  and 50 m is .  
o f  p h o s p h o r ic  a c id  (H^PO^) f o r  two h o u r s  and made up to  4 l i t r e s .
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(b )  10^ ( ^ /v )  sodium c a r b o n a t e .
To 1 .0  mlo o f  th e  s o l u t i o n  u n d e r  e x a m in a t io n  c o n ta in e d  
in  a  t e s t - t u b e ,  1 ,0  m l. o f  th e  F o l in - D e n is  r e a g e n t  was added and th e  
tu b e  sh ak en . Three  m in u te s  l a t e r ,  1 .0  m l. sodium c a r b o n a te  was 
added and the  whole w e l l  m ixed and a l lo w e d  to  s ta n d  f o r  one h o u r .
The a b so rb e n c e  was m easu red  on th e  Unicam SP 600 a t  725 m y tv in  a 
1 cm. g l a s s  c e l l ,  a g a i n s t  a  b la n k  w hich  was p r e p a r e d  by u s i n g  1 .0  ml 
o f  w a te r  i n s t e a d  o f  th e  s o l u t i o n  o f  th e  p h e n o l  u n d e r  i n v e s t i g a t i o n .
N o te s
1. The tim e  be tw een  a d d in g  th e  F o l in - D e n i s  r e a g e n t  and 
th e  sodium c a r b o n a te  was fo u n d  to  be c r i t i c a l ,  and to  g e t  r e p e a t a b l e  
r e s u l t s  i t  was fo u n d  n e c e s s a r y  to  keep  th e  tim e be tw een  th e  a d d i t i o n  
o f  th e s e  two r e a g e n t s  c o n s t a n t .
2 . The a b so rb e n c e  was r e a d  a f t e r  one h o u r  b e ca u se  t h e r e  
was an i n i t i a l  i n c r e a s e  i n  c o lo u r  f o r  th e  f i r s t  45 m in u te s ,
3 . B e e r ' s  law i s  n o t  obeyed  f o r  t h i s  r e a g e n t  a l th o u g h  
t h e r e  i s  o n ly  a s l i g h t  d e v i a t i o n  from  a s t r a i g h t  l i n e  in  th e  
a b so rb e n c e  ra n g e  0 , 1 - 0 . 5 ,  above t h i s  ra n g e ,  th e  c u rv e  f a l l s  o f f  
more s t e e p l y ,  and s o l u t i o n s  w ere  d i l u t e d  so a s  to  g iv e  r e a d i n g s  
below  0 .5*
4 . The r e a g e n t  i s  s u i t a b l e  f o r  1 - 1 0 / K g  o f  p h e n o l .
( + ) - C a te c h in  was u se d  a s  a  s t a n d a r d ,  lOyOg g i v i n g  an a b so rb e n c e  
o f  0 .3 0 ,
R e s u i t s
The r e s u l t s  from  a number o f  p h e n o l i c  compounds a re  
g iv e n  in  Table  3 • (The m o le c u la r  e x t i n c t i o n  c o e f f i c i e n t s  ( & )  
w ere  c a l c u l a t e d  from  th e  am ounts g i v i n g  an o p t i c a l  d e n s i t y
0 . 2 - 0 . 3 ,  due to  th e  d e v i a t i o n  from  B e e r ' s  l a w . )
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(b) Methods f o r  D e te rm in in g  P h e n o l ic  N u c le i  
( l )  V i c in a l  p h e n o l i c  h y d ro x y l  g ro u p s .
S e v e ra l  m ethods a re  a v a i l a b l e  f o r  th e  estinafcion o f  
v i c i n a l  h y d ro x y l  g ro u p s .  A l l  depends on the  f a c t  t h a t  such g roup s  
form  c h e l a t i o n  ty p e  compounds w i th  m e ta l s  o r  w i th  oxygen ( o r  o t h e r  
e l e c t r o n  d o n a t in g  g r o u p s ) .  King and W hite  ( l9 5 ^ )  d e s c r ib e d  
m o d i f i c a t i o n s  o f  th e  M i t c h e l l  f e r r o u s  t a r t r a t e  method ( M i t c h e l l  
1936 ) f o r  d i s t i n g u i s h i n g  betw een  and d e te r m in a t io n  o f  o r t h o ­
d ih y d ro x y  ( c a t e c h o l )  and v i c i n a l  t r i - h y d r o x y  ( p y r o g a l l o l )  g roup s  
in  t a n n i n s .  T h is  m ethod depends on th e  change i n  c o lo u r  o f  a 
f e r r i c  complex i n  th e  p r e s e n c e  o f  b o r a t e  b u f f e r .  S ince  such 
com plexes a l s o  change c o lo u r  w i th  pH, th e  d i f f e r e n c e s  a re  m easured  
a t  c o n s t a n t  pH in  the  p r e s e n c e  o f  b o r a t e  and a c e t a t e  ( o r  p h o sp h a te )  
b u f f e r s .  However, th e  amounts o f  t a n n i n  r e q u i r e d  a r e  in  th e  o r d e r  
o f  m i l l i g r a m s ,  and a l s o  s in c e  the  e x t r a c t s  to  be exam ined (C h a p te r  4 ) 
w ere  i n  a m e th a n o l ic  s o l u t i o n ,  t h i s  method was n o t  s u i t a b l e  f o r  
m o d i f i c a t i o n .
A q u a l i t a t i v e  s p e c t r o p h o to m e t r ie  method f o r  o r t h o ­
d ih y d ro x y  g ro u p s  was d e v e lo p ed  by Swain ( l9 5 4 )  m aking u se  o f  b o r a t e  
c h e l a t i o n  and t h i s  was l a t e r  im proved by J u r d  ( l9 5 ^ )*  However, a s  
p o i n t e d  o u t  abo ve , s p e c t r o p h o to m e t r ic  m ethods f o r  t a n n i n s  s u f f e r  
from  i n t e r f e r e n c e  by o t h e r  l i g h t - a b s o r b i n g  m a t e r i a l s  and m o d i f i c a t i o n s  
o f  t h i s  method f o r  u se  w i t h  p l a n t  e x t r a c t s  w ere  n o t  exam ined,
A m ethod d e v e lo p ed  by Rae ( l9 3 0 )  f o r  th e  d e te r m in a t io n  
o f  a d r e n a l i n e  was f i n a l l y  u s e d .  T h is  m ethod c o n s i s t s  o f  m ea su r in g  
th e  i n t e n s i t y  o f  th e  y e l lo w  c o lo u r  o f  th e  c h e l a t e  fo rm ed be tw een  
o -d ih y d ro x y  compounds and ammonium m oly bda te  s o l u t i o n s .  T h is  method 
h a s  been  u se d  f o r  th e  d e t e r m i n a t i o n  o f  o -d ih y d ro x y  compounds in  th e  
p r e s e n c e  o f  monohydroxy compounds in  th e  s tu d y  o f  h y d r o x y la t io n  o f  
the  l a t t e r  compounds by t y r o s i n a s e  (K endal 1949)* Thus, a l th o u g h  
th e  method i s  n o t  v e ry  s e n s i t i v e ,  i t  d o es  g iv e  a m easu re  o f  
v i c i n a l  h y d ro x y l  g ro u p s  o n ly ;  i t  was fou nd  t h a t  sodium m olybda te  
was a s  e f f e c t i v e  a s  ammonium m o ly bda te  and th e  r e a g e n t  co u ld  be 
o b ta in e d  in  a p u r e r  form and i t  was u se d  in  a l l  su b seq u e n t  e x p e r im e n ts .
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The a b s o r p t io n  spec trum  of th e  r e a c t i o n  p ro d u c t  w i th
c a t e c h o l  showed t h a t  i t  had a b ro a d  p e ak  w i th  a X  max a t  325 m/ou
and t h a t  th e  complex w i th  p y r o g a l l o l  gave a s h a rp e r  peak  w i th  a X max
a t  350 ïïiyCK, ; c o n s e q u e n t ly ,  m easu rem en ts  w ere  made i n  t h i s  r e g i o n .
The r e a g e n t  gave r e a s o n a b ly  s t o i c h i o m e t r i c  r e s u l t s  w i th  a l l  c a t e c h o l s ^ 10  ^ 1
t e s t e d .  ( g, = 1 . ^  see T able  3 ) .  W ith  p y r o g a l l o l  th e  & v a lu e  
was h i g h e r ,  and t h i s  m ethod may have some u se  i n  d e te rm in in g
one ty p e  o f  g roup  in  th e .  p r e s e n c e  of a n o th e r .  The r e a g e n t  r e a c t s
w i th  a l l  p h e n o l i c  compounds c o n ta in i n g  th e  c o r r e c t  a rra n g em e n t o f  
p h e n o l ic  h y d ro x y l  g ro u p s  b u t  does n o t  r e a c t  w i t h  compounds c o n t a i n i n g  
o n ly  m e ta -d ih y d ro x y l  g ro u p s  ( s e e  Table 3 ^ ) .  I n  the  condensed  * 
t a n n i n s ,  i t  i s  p o s s i b l e  t h a t  q u in o n e s  p r e s e n t  ( a s  i n  th e  Hathway model) 
may g iv e  a  re d u c e d  c o lo u r  on a m o la r  b a s i s .  The complex form ed from  
molybdenum i s  shown i n  P i g .  3^ .
Method
R eagent ( a )  55» ( ^ /v )  sodium m olybd a te  i n  w a te r  •
(b) 0 .1  M p h o sp h a te  b u f f e r  pH 6 .5
To 1 .0  m l.  o f  an aqueous s o l u t i o n  u n d e r  t e s t  ( c o n c e n t r a t i o n  
o f  50y ^ / m l  o r  h ig h e r  o f  th e  p h e n o l)  i n  a ‘t e s t - t u b e ,  2 ,0  m l.  p h o sp h a te  
b u f f e r  was ad ded , fo l lo w e d  by 1 .0  ml o f  th e  m o lybd a te  r e a g e n t .  The 
tu b e  was w e l l  shaken  and r e a d i n g s  w ere  ta k e n  a t  350 m /K ,a f t e r  
1 5 - 2  m in u te s  i n  a 1 cm. q u a r t z  c e l l  u s in g  a  Unicam SP 5OO s p e c t r o ­
p h o to m e te r .  The b la n k  was p r e p a r e d  w i th  a  1 .0  m l. o f  w a te r  i n s t e a d  
of th e  p h e n o l  s o l u t i o n .  U s in g  t h i s  r e a g e n t ,  th e  s t a n d a r d  c u rv e  
f o l lo w s  B e e r ' s  law and g iv e s  a s t r a i g h t  l i n e  p a s s i n g  th ro u g h  th e  
o r i g i n .  I t  can  be u s e d  f o r  50 to  5 0 0 / ^ g .  c a t e c h i n  w h ich  was u se d  
a s  a  s ta n d a r d  ( lO O 'y^g c a t e c h in  g i v e s  an a b so rb e n c e  o f  O . I 6 )
N otes
1. The e f f e c t  of pH,
At a pH g r e a t e r  th a n  7? p h e n o l i c  compounds, e s p e c i a l l y  
p y r o g a l l o l ,  a r e  r a p i d l y  o x i d i s e d ,  w h e rea s  below  pH 6 .0  th e  r e a g e n t  
shows a c o n s i d e r a b le  a b s o r p t io n  a t  th e  w a v e le n g th  u s e d ,  t h e r e f o r e  
th e  r e a g e n t  w as b u f f e r e d  to  jpH 6 .5o
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2. The e f f e c t  of t im e .
On th e  a d d i t i o n  o f  th e  r e a g e n t  the  c o lo u r  d e v e lo p e d  f a d e s  
( o f .  K endal who fo u n d  t h a t  th e  c o lo u r  i n  a c id  s o l u t i o n  i n c r e a s e d  w i th  
t im e ) ;  a f t e r  15 m in u te s  i t  i s  r e l a t i v e l y  c o n s t a n t .
3o The e f f e c t  of c o n c e n t r a t i o n  o f  th e  r e a g e n t .
59^  ( ^ /v )  sodium m oly bda te  was fo u n d  to  be th e  m ost u s e f u l  
c o n c e n t r a t i o n  to  g iv e  f u l l  c o lo u r  d ev e lo p m en t.  At low er c o n c e n t r a t i o n s  
th e  o p t i c a l  d e n s i t y  was low er and a l th o u g h  h ig h e r  c o n c e n t r a t i o n s  d id  
i n c r e a s e  th e  o p t i c a l  d e n s i t y  s l i g h t l y  th e  a b s o r p t io n  o f  th e  b la n k  was 
in c r e a s e d  much more ( s e e  F igo  3 ^ ) .
R e s u i t s
The r e s u l t s  f o r  t h e  p h e n o ls  t e s t e d  a re  shown in  T able  3^.
(c )  M eta-D i?  and Sym m etrica l T r i-H y d ro z y  Groups
I t  i s  w e l l  known t h a t  b o th  r e s o r c i n o l  and p h l o r o -  
g l u c i n o l  a r e  v e ry  r e a c t i v e  compounds and und ergo  s u b s t i t u t i o n  r e a c t i o n s  
w i t h  t h e  fo r m a t io n  o f  C-C l i n k s .  Thus, p h i o r o g lu e in o l  on m é th y la t io n  
w i th  m e th y l  i o d id e  r e a d i l y  y i e l d s  a h e x a -m e th y l  d e r i v a t i v e  (Mee, I 946) .  
T h is  i s  p ro b a b ly  due to  i t s  b e in g  a b le  to  e x i s t  i n  th e  k e to  fo rm . 
S im i la r  r e a c t i v i t y  i s  shown by r e s o r c i n o l  and p y r o g a l l o l  b o th  o f  
w h ich  c o n ta in  m eta  o r i e n t a t e d  h y d ro x y l  g ro u p s .  The p h l o r o g l u c i n o l -  
h y d r o c h lo r i c  a c i d  t e s t  f o r  l i g n i n ,  i n  w hich  a r e d  c o lo u r  i s  fo rm ed , 
i s  a l s o  e v id e n c e  o f  i t s  r e a c t i v i t y .  In  t h i s  c a s e ,  an a d d u c t  i s  
form ed betw een c o n i f e r y l  a ld e h y d e  g ro u p s  p r e s e n t  i n  th e  l i g n i n  and 
p h l o r o g l u e i n o l .  S i m i l a r l y ,  o t h e r  a ro m a t ic  a ld e h y d e s  i n  t h e  p re s e n c e  
o f  s t r o n g  a c i d  y i e l d  c o lo u re d  a d d u c ts  w i th  p h l o r o g l u c i n o l .  L in d t  
( 1881) u se d  v a n i l l i n  and c o n c e t r a t e d  h y d r o c h l o r i c  a c id  f o r  th e  
d e t e c t i o n  o f  p h l o r o g lu c in o l  g ro u p s  i n  t a n n i n s .  Swain and H i l l i s  
( 1959 ) d e v e lo p e d  t h i s  r e a g e n t  and u se d  1^ v a n i l l i n  i n  70^ s u l p h u r i c  
a c id  w h ich  th e y  c la im ed  gave more s t a b l e  c o l o u r s .  On e x a m in a t io n  
o f  s e v e r a l  p h e n o ls  u s in g  th e  Swain and H i l l i s .  r e a g e n t ,  i t  was shown 
t h a t  t h e s e  co u ld  be d i v id e d  i n to  t h r e e  b ro a d  c l a s s e s .  Those w i t h
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the  p h l o r o g lu c in o l  g ro u p in g s  w h ich  gave ^  v a l u e s  o f  o v e r  3 ^  max.
500 TRyu, ( t h i s  i n c l u d e s  p h l o r o g l u c i n o l ,  c a t e c h i n ,  e p i g a l l o - c a t e c h i n  
e tC o ) ;  th o s e  w i t h  th e  r e s o r c i n o l  ty p e  g ro u p s  w h ich  gave v a lu e s  o f  
around  4(p R, max 520 my^ ( r e s o r c i n o l ,  p y r o g a l l o l ,  h r a z i l i n )  and th o s e  
w h ich  had  e f f e c t i v e l y  no r e a c t i o n .  In  th e  l a t t e r  c l a s s  a r e  g a l l i c  
a c id  w h ic h ,  a l th o u g h  i t  h a s  th e  c o r r e c t  g r o u p in g ,  i s  p resu m ab ly  l e s s  
r e a c t i v e  due to  th e  d e a c t i v a t i n g  i n f lu e n c e  o f  th e  c a rb o x y l  g ro u p .
Swain and H i l l i s  ( l9 5 9 )  n o te d  t h a t  compounds w i th  p h l o r o g l u c i n o l  
o r  r e s o r c i n o l  g ro u p s ,  w h ich  a l s o  c o n ta in e d  d e a c t i v a t i n g  s u b s t i t u e n t s  
such a s  th e  c a rb o n y l  g roup  ( e . g .  q u e r c e t i n ) ,  a l s o  gave no r e a c t i o n  
w i th  th e  r e a g e n t .
Thus when d e a l in g  w i t h  a m ix tu re  o f  condensed  t a n n i n s
b a se d  on l e u c o - c y a n id i n  ( o r  c a t e c h in )  and o t h e r  p h e n o ls ,  th e  c o lo u r s
w i th  th e  v a n i l l i n  r e a g e n t  w i l l  r e p r e s e n t  a m easure  o f  the  f l a v a n s
o n ly .  F u r th e rm o re ,  we may e x p e c t  t h a t  s in c e  p o l y m e r i s a t i o n  in v o lv e s
•the  p h l o r o g lu c in o l  r i n g  in  a lm o s t  a l l  c a s e s  ( s e e  C h ap te r  l )  t h e r e
may be a r e d u c t io n  in  th e  amount o f  v a n i l l i n  r e a c t i n g  g ro u p s  i n  th e
p o ly m e rs .  T h is  i s  b o rne  o u t  by c o n s i d e r i n g  the r e s u l t s  f o r  r e s o r c i n o l
and e t h y l  r e s o r c i n o l ,  p y r o g a l l o l  and m e th y l  p y r o g a l l o l ,  p h l o r o g l u c i n o l
1
and m e th y l p h l o r o g l u c i n o l  i n  T able  3 » I n  a l l  c a s e s ,  s u b s t i t u t i o n  
o f  a m e th y l  group  c a u se s  a  r e d u c t i o n  i n  t h e  v a lu e s  o f  6, , In  th e
case  of t a n n i n  p o ly m e rs ,  t h i s  r e d u c t i o n  m igh t be  e x p e c te d  to  be
more p ro n o u n ce d , due to  th e  b u lk y  n a tu r e  o f  th e  g ro u p s  a t t a c h e d  
( s e e  fo rm u la e  X, X I, C h ap te r  l )  w h ich  w ould  cau se  s t e r i c  h in d r a n c e  
a s  w e l l  a s  enhanced  d e a c t i v a t i o n  o f  th e  r i n g .
Method
R eagent 1 .0 ^  v a n i l l i n  i n  70^ ^ / v  s u l p h u r i c  a c i d .
•To 1 .0  ml o f  a s o l u t i o n  u n d e r  i n v e s t i g a t i o n  i n  a  10 ml
c o n ic a l  f l a s k ,  2 .0  ml o f  th e  v a n i l l i n  r e a g e n t  was added from a
b u r e t t e ,  th e  tim e o f  a d d i t i o n  t a k i n g  5 -10  se c o n d s ;  the  f l a s k  was 
w e l l  shaken in  a bowl o f  c o ld  w a t e r ,  th e n  l e f t  to s ta n d  f o r  15 m in u te s .  
The a b so rb a n c e  was m easured  on th e  Unicam SP 600 be tw een  400-550  m//v, 
d e p en d in g  on th e  X  max o f  th e  p h e n o 1 - v a n i l l i n ,  i n  a 1 cm. g l a s s  c e l l  
a g a i n s t  a c o r r e s p o n d in g  b la n k  u s i n g  1 ml o f  w a te r  i n s t e a d  o f  th e  p h en o l
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W ith t h i s  r e a g e n t  from 1-50  X^g o f  r e a c t i v e  p h e n o l  can he d e te rm in e d ,  
and th e  s t a n d a rd  cu rve  f o l lo w s  B eer*s  law up to  an a h so rh a n c e  o f  2 .0 .  
C a te c h in  was r o u t i n e l y  u se d  a s  a  s t a n d a r d ;  10 / ^ g .  g iv e s  an 
a h so rh a n c e  o f  0 .3 3 .
R e s u i t s
The £  v a lu e s  f o r  v a r i o u s  p h e n o ls  a re  g iv e n  i n  T ab le  3^.
(d) M ethods f o r  d e te r m in in g  P h e n o ls  u s i n g  R e ag e n ts  w hich  
s u b s t i t u t e  i n  th e  A rom atic  Ring
A lthough  th e  v a n i l l i n  r e a g e n t  d e s c r ib e d  above i s  o f  
t h i s  g e n e r a l  ty p e ,  i t  can be seen  t h a t  i t  o n ly  r e a c t s  w i t h  m eta  d i -  ' 
o r  svmt r i - s u b s t i t u t e d  p h e n o l i c  compounds. The r e a g e n t s  d e s c r i b e d  in  
t h i s  s e c t i o n  show no such  s e l e c t i v i t y .  Many q u a l i t a t i v e  t e s t s  f o r  
p h e n o ls  depend on th e  fo r m a t io n  o f  c o lo u r s  w i th  d i a z o t i s e d  a m in es ,  
and q u a n t i t a t i v e  m ethods have b een  d e v e lo p ed  u s in g  such  r e a g e n t s .
Thus Bray e_t ad ( l9 5 2 )  u se d  d i a z o t i s e d  p - n i t r o a n i l i n e  
f o r  th e  d e te r m i n a t i o n  o f  p h e n o l i c  compounds i n  u r i n e .  A number o f  
r e a g e n t s  o f  t h i s  ty p e  w ere  exam ined w i th  l i t t l e  s u c c e s s .  I t  was 
found  t h a t  th e  d i a z o t i s e d  p - n i t r o a n i l i n e  n o t  o n ly  p ro d u ced  a  deep 
y e l lo w  c o lo u r  w i t h  m e th an o l  a lo n e ,  and in d ee d  w i t h  many o t h e r  o r g a n ic  
s o l v e n t s  t e s t e d ,  b u t  t h a t  th e  i n t e n s i t y  o f  th e  c o lo u r  p ro d u ced  
v a r i e d  w i t h  t im e ,  th u s  m aking th e  p r e p a r a t i o n  o f  s u i t a b l e  b l a n k s  
a lm o s t  im p o s s ib l e .
An e x a m in a t io n  o f  s e v e r a l  co m m erc ia l ly  a v a i l a b l e  s t a b l e  
d iazon ium  s a l t s  gave s i m i l a r  r e s u l t s .  The s a l t s  w ere  a s  f o l lo w s :
P a s t  b lu e  V.B. s a l t  4 -am in o -4  m ethoxy-d iphenylam .ine
P a s t  b l a c k  K s a l t  p - n i t r o - a n i l i n e  azo 2 :5  d i - m e th e x y a n i l i n e
P a s t  r e d  A.L. s a l t  a lp h a -a m in o -a n th ra q u in o n e
P a s t  r e d  B s a l t  5- n i t r o - 2 - a m i n o a n i s o l e
P a s t  r e d  R s a l t  5 - n i t r o - a n i s i d i n e
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Method
R eag en ts  (a )  0,lfo s o l u t i o n  o f  th e  s a l t  
(b) 20^ C^ /' )^ sodium a c e t a t e
To 1 ,0  ml o f  a s o l u t i o n  u n d e r  i n v e s t i g a t i o n  c o n ta in i n g  th e  p h e n o l  
i n  a t e s t - t u b e ,  1 .0  ml o f  r e a g e n t  (a )  was added fo l lo w e d  by 2 .0  ml 
o f  th e  sodium a c e t a t e  s o l u t i o n .  a l l  c a s e s  t h e r e  was a ten d e n cy
f o r  p r e c i p i t a t e s  to  fo rm . B eer*s  law was obeyed o n ly  over  a sm a ll  
c o n c e n t r a t i o n  r a n g e ,  and f o r  m ost r e a g e n t s  t h e r e  d id  n o t  seem to  be 
a  c l e a r  a b s o r p t io n  p eak .
S ince  th e s e  r e a g e n t s  co u ld  n o t  be u se d  e a s i l y ,  a t t e n t i o n  
was p a id  to  th e  u se  o f  4 " a m in o -a n t ip y r in e  ( s e e  F ig .  3?') w h ic h ,  in  
the  p re s e n c e  o f  p o ta s s iu m  f e r r i c y a n i d e  a s  a  m ild  o x i d a n t ,  g iv e s  
c o lo u re d  com plexes w i th  p h e n o ls .  T his r e a g e n t ,  a l th o u g h  i t  had 
s e v e r a l  draw backs m a in ly  due to  th e  i n s t a b i l i t y  o f  the  c o lo u r  fo rm ed , 
th e  v a r i a t i o n  i n  the  X max w i t h  d i f f e r e n t  p h e n o ls  and th e  i n s t a b i l i t y  
o f  th e  b la n k ,  was b e t t e r  i n  th e s e  r e s p e c t s  th a n  th e  d iazon ium  s a l t s  
d e s c r ib e d  abov e . The r e a g e n t  s u b s t i t u t e s i n  th e  o r th o  o r  p a r a  
p o s i t i o n  to  th e  p h e n o l ic  h y d ro x y l  g ro u p s .^  The r e s u l t s  o b ta in e d  
i n d i d a t e  t h a t  t h e  m o le c u la r  e x t i n c t i o n  c o e f f i c i e n t s  v a ry  g r e a t l y  
(T ab le  3 ) and w i th  po lym ers  i t  m ight be exq)ected to  g iv e  l e s s  c o lo u r ,
due to  th e  b lo c k in g  o f  r e a c t i v e  s i t e s .
The method u se d  was t h a t  o f  Baruah  and Swain (1 9 5 7 ) .
Method
R e ag e n ts  (a )  0 .2 ^  e t h a n o l i c  4 - a m in o - a n t ip y r in e ,  d i s s o l v e d
in  0.5V\ammonium h y d ro x id e
(b) 0 . 29b p o ta s s iu m  f e r r i c y a n i d e
To 1 ,0  ml s o l u t i o n  c o n ta in in g  th e  p h en o l i n  a t e s t - t u b e ,  1 .0  ml o f  
th e  4 - a r a in o -a n t ip y r in e  was ad d ed , fo l lo w e d  by 1 .0  ml p o ta s s iu m
f e r r i c y a n i d e .  The o p t i c a l  d e n s i t y  was r e a d  1 m in u te  l a t e r  i n  a 1 cm.
g l a s s  c e l l  a t  505 my&v a g a i n s t  a b la n k  w hich c o n ta in e d  w a te r  i n s t e a d  
o f  th e  p h e n o l .
D is c u s s io n
S ince  a l l  th e  s u b s t i t u t i o n  r e a g e n t s  exam ine^ w ere
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u n s a t i s f a c t o r y ,  o t h e r  t y p e s ,  e . g .  G ihhs r e a g e n t K i n g ,  King and 
Manning (l957))> w ere  n o t  exam ined.
(e )  Method f o r  m ea su r in g  th e  F la v a n  U n it
As m en tioned  p r e v i o u s l y ,  th e  c o n v e rs io n  o f  l e u c o -  
a n th o c y a n in s  in to  th e  c o r r e s p o n d in g  a n th o c y a n id in  hy h e a t in g  in  
a c id  s o l u t i o n  i s  c h a r a c t e r i s t i c  f o r  t h i s  ty p e  o f  m o le c u le .  I t  was 
m en tion ed  i n  C h ap te r  1 t h a t  b o th  monomeric and p o ly m e r ic  l e u c o -  
a n th o c y a n in s  g iv e  t h i s  r e a c t i o n .  However, i t  must be s t r e s s e d  t h a t  
t h i s  r e a c t i o n  i s  n o t  q u a n t i t a t i v e ,  even f o r  th e  monomers, and th e  
y i e l d  o f  a n th o c y a n id in  p ro d u ced  i s  a l s o  d ep endan t on th e  n a tu r e  
o f  th e  l in k a g e  and th e  s i z e  o f th e  po lym er. Roux and P a u lu s  ( 1962 ) 
have shown t h a t  f o r  l e u c o -a n th o c y a n in s  b ased  on 7 - 3 ' ,  4* , ' ,  
- t r i h y d r o x y  f l a v a n  - 3 ,  4 - d i o l  ( l e u c o - f i s e t i d i n ) , th e  y i e l d  o f  
f i s e t i n i d i n  p rodu ced  d e c re a s e d  from 24^ f o r  th e  monomer to  7^ f o r  
th e  presum ed t r i m e r .  However, l i t t l e  f u r t h e r  d e c re a s e  i n  y i e l d  was 
found  up to  th e  presum ed decam er (59^) • Thus, a l th o u g h  a r e d u c t i o n  
in  th e  l e u c o - a n th o c y a n in  v a lu e  o f  an e x t r a c t  o f  a f r u i t  on r i p e n i n g  
may r e p r e s e n t  the  c o n v e rs io n  o f  monomeric u n i t s  to  d im e rs ,  i t  may 
a l s o  be due to  th e  a c t u a l  l o s s  of h ig h e r  p o ly m e rs ,  p ro b a b ly  due to  
re d u c e d  s o l u b i l i t y .
The method u se d  was t h a t  o f  Swain and H i l l i s  (1959)
Method
Reagent n -B u ta n o l  c o n ta in i n g  5^ ^ / v  c o n c e n t r a te d  h y d r o c h lo r i c  
a c id
To 1 .0  ml o f  a s o l u t i o n  c o n ta in in g  th e  p h en o l i n  a  s to p p e re d  g l a s s  
tub e  1 0 .0  ml b u t a n o l - h y d r o c h l o r i c  a c id  was added . The tu b e  was 
sh ak en , th e  s to p p e r s  removed and th e  tu b e s  w ere  p u t  i n to  a  c o n s t a n t  
te m p e ra tu re  w a te r  b a th  a t  95^0 and l e f t  f o r  t h r e e  m in u te s ;  th e  
s to p p e r s  w ere  r e p l a c e d  and th e  tu b e s  h e a te d  f o r  a f u r t h e r  f o r t y  
m in u te s .  They w ere  rem oved, c o o le d  in  ta p  w a te r  f o r  f i v e  m in u te s  
and th e  a b so rb en c e  o f  th e  s o l u t i o n  was r e a d  i n  a 1 ( o r  4 ) cm, c e l l  
on th e  Unicam SP 6OO a t  550 m , a g a i n s t  a  r e a g e n t  b l a n k  u s in g
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1 ml o f  w a te r  i n s t e a d  of th e  p h e n o l ,  A s ta n d a rd  curve  was c o n s t r u c t e d  
u s in g  cacao l e u c o - c y a n in ,  and s in c e  B eer*s  law was no t obeyed , 
r e s u l t s  w ere  e x p re s s e d  a s  cacao le u c o -a n th o c y a n in  e q u iv a l e n t s .
B is c u s s io n
The use  o f  a l l  f i v e  a n a l y t i c a l  m ethods d e s c r ib e d  in  d e t a i l ,  
F o l in - B e n i s ,  m o ly b d a te ,  v a n i l l i n  s u lp h u r ic  a c i d ,  4 - a m in o - a n t ip y r in e  
and the  le u c o -a n th o c y a n in  r e a g e n t  would be c ap a b le  o f  y i e l d i n g  
r e s u l t s ,  o f  v a lu e  i n  th e  e x a m in a tio n  o f  changes in  t a n n in s  in  p l a n t s .
In  a c t u a l  f a c t ,  o n ly  t h r e e  o f  th e s e  r e a g e n t s  have been  u se d ;  4-amino 
a n t i p y r i n e  was found to  g iv e  poo r  r e p l i c a t e s  w i th  p l a n t  e x t r a c t s ,  
and the  m olybdate  method was d ev e loped  l a t e r  so t h a t  th e s e  two 
r e a g e n t s  were no t examined f u r t h e r .  The t h r e e  re m a in in g  r e a g e n t s  
ta k e n  in  c o n ju n c t io n  w i th  th e  s im ple  s e p a r a t io n  method d e s c r ib e d  
below gave r e s u l t s  of v a lu e  ( s e e  C hap te r  4 ) b u t  i t  i s  a p p a re n t  
more work r e q u i r e s  to  be done b e fo r e  th e  r e s u l t s  can be i n t e r p r e t e d  
c o r r e c t l y .
3 . METHODS FOR THB SEPARATION OF TAMIHS
The s e p a r a t io n  o f  m ost s im ple  p h e n o l ic  compounds, 
in c lu d in g  c a t e c h in s  and f l a v a n - 3 , 4- d i o l s  can be r e a d i l y  accom p lish ed  
by p a p e r  chromatographv^(HarbdDie 1956) « Most o f  th e  p o ly m e r ic  t a n n in s  
canno t be s e p a r a te d  by t h i s  m eans, s in c e  th e s e  s u b s ta n c e s  t r a i l  b a d ly  
and the  h ig h e r  po lym ers  s ta y  on th e  s t a r t ^ l i n e  i n  a l l  s o lv e n t s  
and canno t be removed from th e  p a p e r  by any subseq uen t t r e a tm e n t .
These l a r g e r  t a n n in  m o le c u le s  a r e ,  o f  c o u rs e ,  ab so rb ed  on to  many 
o t h e r  po lym ers  b e s i d e s  c e l l u l o s e  ( e . g .  th e  obv io us  example o f  
p r o t e i n s )  and Roux ( l9 5 5 )  made u se  o f  t h i s  i n  h i s  s e p a r a t i o n  
p ro c e d u re s .  He showed t h a t  sim ple  m o le c u le s  co u ld  be removed from 
ta n n in s  p ro p e r  by f i l t r a t i o n  th ro u g h  colmns of h id e  powder and 
c e l l u l o s e .  S i m i l a r ly ,  s e p a r a t i o n  o f  t a n n in s  in  b e e r  has  been  made 
by a d s o r p t io n  on to  powdered n y lo n  ( H a r r i s  and R i c k e t t s ,  1959).
Such m ethods a re  u s e f u l  i n  rem oving t a n n i n  w hich  th en  may be 
e s t im a te d  by d i f f e r e n c e ,  b u t  have th e  drawback t h a t  th e  m a t e r i a l
w hich  i s  adso rb ed  canno t be r e a d i l y  r e c o v e r e d .
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A nother way o f  s e p a r a t in g  t a n n in s  from o ther  p h e n o l ic  
compounds i s  hy p r e c i p i t a t i o n  o f  th e  polym er w i th  p r o t e i n  ( e . g .  
g e l a t i n - s a l t  s o l u t io n s )  o r  w i th  a l k a l o i d s .  When th e  a c t u a l  w ork  
d e s c r ib e d  in  t h i s  t h e s i s  was c a r r i e d  ou t (C h a p te r  4 ) ,  m ethods f o r  
th e  q u a n t i t a t i v e  p r e c i p i t a t i o n  and r e - i s o l a t i o n  o f  t a n n in s  from 
such p r e c i p i t a t e s  (C h a p te r  5 ) had n o t  been  worked o u t ,  and t h i s  
was a l s o  t r u e  w i th  th e  use  o f  powdered n y lo n  a s  an a d s o r b e n t .
A nother method f o r  th e  s e p a r a t io n  o f  t a n n in s  makes use  o f  
th e  d i f f e r e n t i a l  s o l u b i l i t y .  Thus Huber ( l9 2 ? )  s t a t e d  t h a t  40^ 
a c e to n e  e x t r a c t s  more t a n n in s  thai^water a lo n e ,  a l th o u g h  100^ a c e to n e  
e x t r a c t s  no t a n n i n  a t  a l l  and t h i s  o b s e r v a t io n  was confirm ed  by 
D u th ie  ( 1938) .  . U n f o r tu n a t e ly ,  a c e to n e  cannot be u sed  a s  an e x t r a c t a n t  
s in c e  i t  g iv e s  enhanced c o lo u r s  o r  v a r i a b l e  b la n k s  w i th  s e v e r a l  
o f  th e  r e a g e n t s  u se d  f o r  a n a l y s i s .  This f a c t  was r e a l i s e d  by H i l l i s  
and Swain (1959) who u se d  m ethano l i n s t e a d  o f  a c e to n e .  As d e s c r ib e d  
e a r l i e r  (C h a p te r  2 ) ,  th e y  found  t h a t  w h e reas  100% m ethano l r e a d i l y  
e x t r a c t e d  s im ple  p h e n o l ic  compounds, such a s  q u e r c e t i n  and c h l o r o -  
g e n ic  a c id  and (p resum ab ly )  monomeric l e u c o - a n th o c y a n in s ,  more 
condensed  m a t e r i a l  was o n ly  e x t r a c t e d  by 50^ m e th an o l .  T h is  
s e p a r a t io n  o f  le u o -a n th o c y a n in s  i n to  monomers s o lu b le  i n  a b s o lu te  
m ethano l and po lym ers  s o lu b le  in  aqueous m ethano l h a s  been confirm ed  
by Swain ( 1960) f o r  many o t h e r  t i s s u e s .  He a l s o  showed t h a t  in  
each case  l e u c o -a n th o c y a n in  r e a c t i n g  m a t e r i a l  was l e f t  i n  th e  
r e s id u e  a f t e r  th e  d u a l  e x t r a c t i o n .  T h is  s im ple  method f o r  
s e p a r a t in g  th e  c l a s s e s  of t a n n i n s  in  f r u i t  h a s  been u sed  in  th e  
work d e s c r ib e d  in  t h i s  t h e s i s ,  and w i l l  be d i s c u s s e d  in  C hap ter  4 .
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Table 3
MOLECULAR EXTBTCTIOH CO EPF IC IBM T S OF VARIOUS PHENOLIC 
COMPOUMLS ANALYSER BY THE FOLIR-RERIS, VARILLIR, 4-AMIRO 
ARTI-^PYRIRE ARP MOLYBDATE METHODS
10^
Compounds F o l in - D e n is V a n i l l i n
»
4-Amino
A n t i - P y r in e M olybdate
C a te c h o l 2 0 .2 0 .0 4 6 .1 1 .8
Homocatechol 1 7 . 6 3 .6 4 .0 1.7
T e r t i a r y  h u ty l  c a te c h o l 9 .7 0 .05 2 .0 1 .3
R e s o rc in o l 1 5 . 8 4 5 . 7 - 6 .8 0
4 -E th y l  r e s o r c i n o l 1 0 .4 3 8 . 4 2 .5 0
2“ 4"U im ethyl r e s o r c i n o l 9 .3 3 8 . 4 1.6 0
. P y r o g a l lo l 10.9 44.6 0 .50 5 .3
M ethyl p y r o g a l l o l 13*2 21.6 0 .2 0 —
P h lo ro g lu c  in o 1 7 .7 3 5 . 0 2 .6 0
M ethyl p h l o r o g lu c in o l 5 .2 2 8 . 0 0 .18 0
7 - Hydroxy f l a v a n 8 .7 42 .1 0 0
5-7  D ihydroxy f l a v a n 13 .3 3 0 . 5  ' 0 0
C a te c h in 30.7 3 2 . 9 3 . 3 1 .8
E p ic a te c h in  (ca ca o ) 26.7 24.7 3 .2 1 .8
E p ig a l l o c a t e c h i n 16.7 24 .0 2 .5 2 .4
E p ig a l l o c a t e c h i n  g a l l a t e 43 .5 32.1 4 . 0  (J •: 10 .7
B r a z i l i n 3 6 . 8 3 9 . 1
G a l l i c  acici 18,5 0 —
C h lo ro g en ic  X cd 21.8 0 — —
■ ' These r e s u l t s  a re  th e  mean o f  s i x  in d ep e n d en t  d e te r m in a t io n s
FIGURE 3
LFst of  p h en o l ic  r e a g e n t s
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R e a g e n t Formula C o m p o u n d
f o r m e d
Folin-Denis
r e a g e n t
M ix tu re  of c o m p le x  
p h o s p h o tu n g s t ic  & 
p h o sp h o m o ly b d ic
a c i d s .  HsPWiîO.o
& HsPMOiiO^ o
O x id i s e s  phenols  & 
is  r e d u c e d  t o  a 
m i x t u r e  of tu n gsten
& m o ly b d e n u m  
b l u e s .  WgOg* &
MOgO„
broad À m ax 7 5 0  m/j
4-Annino-
a n t ip y r in e
or
4 - A m i n o -
p h e n a z o n e
CHj'i....— r-NHi
Ô
+  K,Fe(CN^
Yields q u in o n e  
im i d e  / = y
CH,q— rN=( V o
W
. Q  A  m a x  
5 1 5 m p
Vanillin
CHO
A
S X ' O C H ,
HO
+  conc. HjSO^
Adduct w i th  resorc in *  
ol & phloroglucinol  
rings .  A m a x  5 0 0  mp
H O y ^ O H
HO=/
CHP
S o d iu m
m o ly b d a te
NazMoO*
CiOX'.^ T"L 0 J
•U,
C h e l a t e s  w i th  o-di-  
& vicinal tri hydroxy  
p h en o ls  t o  g iv e  yell&v 
complex of t y p e
broad A m a x  3 3 0 nqp
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Summary to Chapter 3
1. Five d i f f e r e n t  methods have heen s e le c te d  fo r  assaying  
pheno lic  n u c le i .
2. Four of them, the  F o lin -D en is ,  v a n i l l i n  su lp h u r ic  a c id ,
4-amino a n t ip y r in e  and molybdate method, have been in v e s t ig a te d  
w ith  model compounds and the advantages and d isadvan tages
of these  methods a re  d isc u sse d ,
3. Methods f o r  se p a ra t in g  polym eric  tan n in s  from monomeric 
phenolic  compounds have been d isc u sse d .
C hapter 4 .
The changes i n  t a n n in s  on r i p e n i n g 
o f  f r u i t s .
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Chapter 4
AN INVESTIGATION IhTO THE CHANGES IN TAMDTS ON RIPEHIHG OF FRUITS
1. INTRODUCTION
The chemical methods of a n a ly s i s  d e sc r ib e d  in  the  p rev io u s  
c h ap te r  were a p p l ie d  to a s tudy  of the changes in  the  t a n n in s  of f r u i t s  
on r ip e n in g .  A ll  th e  f r u i t  used  f o r  th ese  experim ents  was grown in  
A fr ic a ;  bananas (Musa sapientum L .)  in  West A f r ic a ,  and plums (Prunus 
dom estica  L, v a r  G aviota) and peaches (Prunus p e r s i c a  Stokes) in  
South A f r ic a .  These f r u i t s  p re s e n t  p a r t i c u l a r  problems to  the  
ex p erim en te r .  The f r u i t  i s  g e n e r a l ly  p icked  a t  an immature s ta g e  to 
a llow  f o r  the  long  sea  passage  to  t h i s  c o u n try ,  and d u r in g  t h i s  voyage' 
i t  i s  h e ld  in  cold  s to ra g e  a t  5^C. O r d in a r i ly  when f r u i t  i s  sh ipped  
com m ercially , i t  i s  r ip e n e d  in  t h i s  coun try  in  s p e c ia l  s to ra g e  rooms 
a t  68^F (20°C) f o r  a number o f  days b e fo re  s a le  to  the  p u b l ic .  Under 
c e r t a i n  c irc u m sta n ce s ,  t h i s  c o n d i t io n in g  does no t  produce p ro p e r ly  
r ip e n e d  f r u i t ;  in  th e  case of bananas, f o r  example, the  f r u i t  appea rs  
to  be r i p e  on p re l im in a ry  exam ination  but the  sk in  has a brownish c a s t  
i n s te a d  of be ing  pure  y e llow , and th e  e d ib le  p o r t io n  i s  o f te n  a s t r i n g e n t  
The cause of t h i s  c o n d i t io n  i s  no t p r o p e r ly  unders tood ; i t  can be 
induced to some e x te n t  by keep ing  th e  f r u i t  too long a t  tem p era tu re s  
o f  (+5°C) or by low tem pera tu re  { C) i n ju r y .  O ther f a c t o r s ,  such 
as d u ra t io n  of t r a n s p o r t  and th e  time of p ic k in g ,  p robab ly  a lso  p la y  
a p a r t .  I t  was in  o rd e r  to  i n v e s t i g a t e  th e  re a so n  f o r  th e s e  v a r i a t i o n s  
t h a t  th e s e  experim ents  were u n d e rta k en . However, i t  must be s t r e s s e d  
a t  the o u t s e t  t h a t  the  exp>eriments p re s e n t  he re  were more concerned 
w i th  development of methods to  measure changes in  ta n n in  m olecu la r  
s iz e  du rin g  r ip e n in g  than  w i th  a - so lu t io n  of the  problem of t r a n s p o r t  
o f f r u i t  from o v e rse a s .
S p ec ia l  a rrangem ents  were made w i th  the  growers 
a s s o c i a t io n s  in  A fr ic a  so t h a t  the  u n r ip e  f r u i t  on a r r i v a l  in  t h i s  
coun try  was d e l iv e r e d  d i r e c t  from the  sh ip  to Cambridge, U n fo r tu n a te ly ,  
th e se  a rrangem ents were no t p e r f e c t ,  and th e re  were sometimes overlong
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d e la y s  between a r r i v a l  of the  f r u i t  in  L iv e rpo o l and d e l iv e r y .  I t  
was u n fo r tu n a te  a lso  t h a t  the t o t a l  sample was very  sm all and th a t  
we had no choice  o f  the  a c tu a l  f r u i t  r e c e iv e d  o r  more in fo rm a tio n  
about the  c o n d i t io n s  o f growth of th e  c rop . I f  t h i s  s e r i e s  of 
experim ents  were r e p e a te d ,  i t  would be e s s e n t i a l  to have much more 
c o n tro l  over th e  sample of f r u i t  d isp a tc h e d  and p r e f e r a b ly  to  have 
i t  flown to  t h i s  coun try  so t h a t  the  minimum time e lap sed  between 
p ic k in g  and sam pling,
2. EXPERIMENTAL PROCEDURE
(a) Method of Sampling o f  Banana
Three bananas were s e le c te d  fo r  each sample, two
seqrvte^i:;'
r e p l i c a t e s  were done f o r  each experim ent. A 1 .5 ” was cu t
from th e  s t r a i g h t  p a r t  of th e  f r u i t .  The sk in  was removed from t h i s  
c y l in d e r  in  lo n g i tu d in a l  s t r i p s ,  ca re  b e in g  tak en  to  see t h a t  the  
pulp  d id  no t adhere  to i t .  Two d i s c s  were cut from th e  sk in  o f  each 
of the  bananas w i th  a number 5 cork bore> ( 8mm d iam ete r)  and th e  
d i s c s  ( s i x  in  a l l )  were p lac ed  in  a t a r e d  c o n ic a l  f l a s k  c o n ta in in g  
25 mis of a b so lu te  m ethanol, the  f l a s k  rew eighed. Two lo n g i tu d in a l  
co re s  were then  taken  w i th  a number 5 cork  borerfrom  the c y l in d e r  
of pu lp  from each banana, one from th e  o u te r  and one from th e  in n e r  
zone. The sample from th e  in n e r  pu lp  co n ta in ed  th e  s t e r i l e  o v u les  
and th e  l a t e x  d u c ts  and was u s u a l ly  brown in  co lou r  and s l i g h t l y  
s t i c k y .  4-5 cm. from each s e c t io n ,  f r e s h  w eight about 2 g , , (3 
samples in  a l l )  were trimmed a t  th e  ends and p lac ed  in  a t a r e d  f l a s k  
c o n ta in in g  25 mis a b so lu te  methanol as b e fo re .  Dry w eigh t d e t e r ­
m in a t io n s  were made in  t r i p l i c a t e  on se p a ra te  samples o f  t i s s u e .
(b) Method of Sampling Peaches and Plums
In  bo th  ca se s  the  f r u i t  was cu t in  h a l f  le n g th w ise ,  the  
s tone  b e in g  removed. A core  was taken  w i th  a number 5 cork bore^from  
the  d e p re s s io n  where th e  s tone  had been to th e  o u ts id e  of the  f r u i t .  
This c y l in d e r  was d iv id e d  in to  two a t  the  non-confo rm ity  between th e  
in n e r  and o u te r  m esocarp. The s e p a ra te  p ie c e s  were pu t in  a t a r e d
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c o n ic a l  f l a s k  c o n ta in in g  25 mis a b so lu te  m ethanol, th e  f l a s k  was 
rew eighed. Samples from f o u r  peaches were u sed , the  samples be ing  
bu lked  to g iv e  a f r e s h  w eigh t of app rox im ate ly  2 gi . Two plums 
were s e le c te d  f o r  each sample, and in  t h i s  case c y l in d e r s  were tak en  
from each h a l f  o f  the  f r u i t  and bulked  to  aga in  g ive  a sample of 2g, 
The plum experim ent was c a r r i e d  out on d u p l ic a te  samples and th e  peach 
experim ent on t r i p l i c a t e  sam ples. Dry w e ig h ts  were d e te rm ined , as 
b e fo re ,  f o r  each type of t i s s u e .
(c) Method of E x t r a c t io n
The f l a s k s  c o n ta in in g  the  samples were h ea ted  to b o i l i n g  
on a w a te r -b a th  f o r  10 m in u te s .  The s o f t  samples were squashed w ith  
a g l a s s  rod to ensu re  good so lv e n t  p e n e t r a t i o n  and e x t r a c t i o n .
(The sk in  samples from th e  banana 'w ere  f i r s t  h e a ted  f o r  10 m inu tes  
in  b o i l i n g  m ethanol to  i n a c t i v a t e  th e  enzymes and then  m a jce râ te d  
f o r  3 m inu tes  in  a top  d r iv e  m a ^ c e ra to r ) . The f l a s k s  were removed 
from the  w a te r -b a th ,  cooled and the  e x t r a c t s  decan ted  th rough  c o t to n  
wool f i l t e r s  in to  c lean  f l a s k s .  The t i s s u e  was r e - e x t r a c t e d  f o u r  
t im es more w ith  a b so lu te  methanol, and the  e x t r a c t s  from each sample 
bu lked . The t o t a l  e x t r a c t  was f i l t e r e d  by s u c t io n  u s in g  G e l i te  a s  a 
f i l t e r  a id ,  and then  reduced in  volume to  50 mis on a r o t a t o r y  
e v a p o ra to r .  The r e s id u e s  from each sample a f t e r  e x t r a c t i o n  w ith  
a b so lu te  m ethanol were then  e x t r a c te d  th re e  t im es w i th  b o i l i n g  
50% methanol in  a s im i la r  manner. The bulked e x t r a c t s  from t h i s  
e x t r a c t i o n  were t r e a t e d  w i th  C e l i t e ,  f i l t e r e d ,  and reduced to 25 m is, 
on the  r o t a t o r y  e v a p o ra to r .
(d) Methods of A n a ly s is
The F o lin -D en is  and v a n i l l i n - r e a c t i n g  phenols were 
determ ined  on each of th e  e x t r a c t s  and expressed  as (+ )- c a t e c h in  
in  mg p e r  1 g. d ry  w eight o f  t i s s u e .  The le u c o -a n th o c y a n in s  were 
a lso  determ ined  as d e sc r ib e d  in  Chapter 3 and th e  r e s u l t s  exp ressed  
as  cacao leu co -an th o cy an in  per 1 g . d ry  w e ig h t .
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3. DESCRIPTION OF EXPERIMENTS
(a) Bananas
The bananas were hard  and da rk  g reen  when they  a r r iv e d  
in  Cambridge. On r ip e n in g  in  the  da rk  a t  20^C a number of v i s i b l e  
changes o c cu rred .  The c o lo u r  o f the  sk in  changed from b r ig h t  g reen  
to  y e llo w , w a te r  was l o s t  to  the  pulp  from the  sk in ,  which became 
th in n e r  and formed a d i s t i n c t  r e a d i l y  p ee led  l a y e r .  The l a t e x ,  which 
was p re s e n t  in  s p e c ia l  d u c ts  in  bo th  sk in  and p u lp ,  no lo n g er  exuded 
when the  r ip e  f r u i t  was c u t .  The t e x tu r e  and co lo u r  o f  the  pu lp  
changed from hard  and w h ite  to s o f t  and y e llo w , and the extreme 
a s t r in g e n c y  of th e  u n r ip e  f r u i t  was l o s t .
Three experim ents  were c a r r i e d  out w i th  bananas. In
two experim ents  th e  bananas were sampled i n i t i a l l y ,  then  da rk
r ip en e d  f o r  e ig h t  and e leven  days r e s p e c t iv e ly .  In  the  l a s t  experim ent
the  bananas were sampled i n i t i a l l y ,  th e n . th e y  were d iv id e d  in to  two
l o t s ,  one l o t  was c h i l l e d  f o r  th r e e  days a t  +1°C, the  o th e r  f o r  f i v e
days , then  they  were b o th  dark  r ip e n e d  a t  20°C f o r  e lev en  days . The
rea so n  f o r  t h i s  experim ent was to see  how c h i l l i n g  a f f e c te d  th e
changes in  the  t a n n in s  s in c e ,  a s  was p o in te d  out e a r l i e r ,  f r u i t  which
has been c h i l l e d  does no t r ip e n  norm ally  and i s  o f te n  ve ry  a s t r i n g e n t
to  the  t a s t e .  Only the  r e s u l t s  o f  th e  f i r s t  o f  th e se  experim ents
2a re  g iven  in  Table 4 • The r e s u l t s  of th e  second experim ent were 
s i m i l a r ,  and the c h i l l i n g  experim ent gave ambiguous r e s u l t s ,  p ro b ab ly  
due to  the poor i n i t i a l  q u a l i t y  o f th e  sample.
(b) Plums
The plums were o r i g i n a l l y  very  hard  and green  and th ey  
r ip e n e d  to  a yellow  or a red  c o lo u r ,  w i th  the  f l e s h  very  s o f t  and 
ex trem ely  j u i c y .  In  th e  f i r s t  experim ent th e  changes in  the  F o l i n -  
D enis, v a n i l l i n  and le u c o -an th o cy a n in  r e a c t i n g  compounds were 
d e te m in e d  in  l a rg e  and small plums, sampled i n i t i a l l y  and a t  
i n t e r v a l s  over a p e r io d  of tw e n ty - th re e  days s to ra g e  a t  11,8°C . The 
second experim ent was s im i l a r  to  t h i s  but on ly  the  sm all plums were 
sampled; i n i t i a l l y ,  th e se  were c h i l l e d  f o r  f i v e  days a t  0°C b e fo re
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be ing  r ip en e d  a t  11.8^0 and sampled over a p e r io d  of 62 days, when 
the  f r u i t  had become e a t in g  r i p e .  The r e s u l t s  observed  w i th  the  
la rg e  plums in  the  f i r s t  experim ent a re  g iven  in  Table The
r e s u l t s  from the  small plums from t h i s  and the  o th e r  experim ents  
were s im i la r  and no r e a l  d i f f e r e n c e  was app aren t as  a r e s u l t  o f  
c h i l l i n g ,
( c) Peaches
Two b a tc h e s  of peaches were a n a ly se d ,  samples from th e  
f i r s t  b a tch  were sampled i n i t i a l l y  and the  rem ainder r ip e n e d  f o r  one 
week a t  19°G in  the  d a rk . The second b a tch  was o v e r - r ip e  when they
p o in t  about the  second b a tch  was t h a t  some were ex trem ely  a s t r i n g e n t .
4
and a comparison of a s t r i n g e n t  and n o n - a s t r in g e n t  f r u i t  in  the  second
5
were re c e iv e d  and they  were on ly  sampled i n i t i a l l y .  The i n t e r e s t i n g  
n  
The r e s u l t s  f o r  th e  f i r s t  of th e se  experim ents  a re  shown in  Table 4 
p 
in  Table 4
4o DISCUSSION OF RESULTS
2 3(a) B efore  d is c u s s in g  th e  r e s u l t s  shown in  Tables 4 , 4 ,
A 54 and 4 in  d e t a i l ,  i t  i s  of i n t e r e s t  to  ^consider the  changes which 
may be invo lved  in  the  t a n n in s  on r ip e n in g .  As mentioned in  th e  
in t r o d u c t io n  to  C hapter 3> th e  observed  "d isap p earan ce"  o f  ta n n in s  
as  an a ly sed  could e q u a l ly  be due to changes in  t h e i r  chemical 
r e a c t i v i t y  a n d /o r  t h e i r  e x t r a c t i b i l i t y .
Swain ( 196O unpub lished ) examined the  changes in  
c a te c h in s  on a u to x id a t io n  in  s o lu t io n  a t  pH 8 .3  ( c f .  Hathway and 
Seak ins , 1958) and h i s  r e s u l t s  a re  g iven  in  Table 4^.
Table 4
Changes in  V a n i l l i n  R e ac tin g  Compounds and 
V a n i l l in /P o l in - D e n is  R a t io s  on A u to x id a t io n  
of C e r ta in  P h e n o lic  a t  pH 8 ,3
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% Change A f te r :
4 Hours 24 Hours
V/PD V V/PL V
(+ ) -C a te c h in -  4 -13 -36 -56
(+) -G a llo  c a tech in . + 7 -15 +15 -45
P h lo ro g lu c in o l + 8 -  4 -35 -38
P h lo ro g lu c in o l  + C atecho l -65 -73 - —
P h lo ro g lu c in o l  + P y r o g a l lo l -32 -67 
-  ... . . . . . .
V/PD. v a n i l 1in /P o 1in -D e n is  r a t i o .  V = v a n i l l i n ;  V/PD and V a t
t im e , 0 * 100 (no p r e c i p i t a t e  was foim ed u n t i l  s o lu t io n s  were a c i d i f i e d . )
I t  can be seen t h a t  a l l  compounds show a r e d u c t io n  in  t h e i r  
r e a c t i o n  w i th  v a n i l l i n  a f t e r  o x id a t io n  and we can conc lude , t h e r e f o r e ,  
t h a t  under th e se  p o ly m e r is a t io n  c o n d i t io n s  th e r e  i s  a l o s s  in  chem ical 
r e a c t i v i t y .  Swain ( 196O u n p u b lish ed )  a ls o  showed t h a t  a c id  polym er­
i s a t i o n  o f  c a te c h in  gave s i m i l a r  r e s u l t s .  B e a r in g  t h i s  in  mind, i t  
i s  o b v io u s ly  d i f f i c u l t  w i th  a s in g le  a n a l y t i c a l  method to  d ec ide  what 
i s  happening to  the  ta n n in  f r a c t i o n .  Swain ( 1956) su gges ted  t h a t  
use  could  be made o f  th e  r e l a t i v e  changes in  the  r e a c t i v i t y  o f  th e se  
m o lecu le s  a s  th e  m o le cu la r  w e igh t i n c r e a s e s .  He b e l ie v e d  t h a t  the  
u n s u b s t i t u t e d  p h lo r o g lu c in o l  m oie ty  o f  the  le u c o -a n th o c y a n in s  r e a c t e d  
s t o i c h i o m e t r i c a l l y  w i th  v a n i l l i n ,  and the  pyran  r i n g  ( a s  a whole) 
was r e s p o n s ib le  f o r  the  development o f  a n th o c y a n id in  c o lo u r  on h e a t in g  
( c f .  Chapter 3 ) .  He sugges ted  t h a t  a s  p o ly m e r is a t io n  p ro c e e d s ,  the 
r a t i o  o f  v a n i l l i n  to  leu c o -a n th o c y a n in  r e a c t i n g  m a t e r i a l  would d e c re a s e ,  
p resum ably  because  the  fo rm a tio n  o f  head to t a i l  l i n k s  ( c f ,  Hathway,
1958) red u c es  th e  p ro p e n s i ty  o f v a n i l l i n  to  r e a c t  w i th  th e  C-C l in k e d  
p h lo r o g lu c in o l  n u c le i ;  th e  l a t e r  r e s u l t s  he o b ta in e d  ( Swain, I 960)
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su ppo rt  t h i s  h y p o th e s is .  F o r  example, in  the  case  of (+ ) -C a te c h in ,
Table 4 , th e r e  i s  a marked r e d u c t io n  in  the  V/PD r a t i o .  (Leuco- 
an th o cy an in  r e a c t i n g  m a te r i a l  cou ld  o b v io u s ly  not be used  as a measure 
o f  t o t a l  polymer in  t h i s  c a s e . )  W ith ( + ) - g a l l o c a t e c a t e c h i n ,  where 
t a i l  to  t a i l  p o ly m e r is a t io n  p ro b ab ly  ensues  ( c f .  Hathway) no r e d u c t io n  
in  th e  r a t i o  (v/PD) would be expec ted  and t h i s  i s  what was observed  
(Table  4 )•  I f  we now c o n s id e r  the  f u r t h e r  p o ly m e r is a t io n  o f  a l e u c o -  
an th o cy an in  t r im e r  w i th  an i n i t i a l  v a n i l l i n  le u c o -a n th o c y a n in  r a t i o  
( v / l a )  o f ,  say , 1 .0 ,  th en  t h i s  r a t i o  w i l l  be ex pec ted  to d e c rea se  
s in c e ,  a s  m entioned above, t h e r e  w i l l  be a r e d u c t io n  in  th e  number o f  
v a n i l l i n  r e a c t i n g  s i t e s  a v a i l a b l e ,  due to  th e  fo rm a t io n  o f  C-C bonds, 
w hereas the  leu co —an th o cy an in  v a lu e  w i l l  p ro b ab ly  rem ain c o n s ta n t  
( c f .  Roux and P a u lu s  1962, a ls o  Chapter 3 page , For a monomeric 
le u c o -a n th o c y a n in ,  o f  c o u rse ,  i n i t i a l  d im é r i s a t io n  may g iv e  a r e d u c t io n  
in  a n th o c y a n id in  p ro d u c t io n  (Roux and P a u lu s  I 962) which would in c re a s e  
the  v a n i 11in / le u c o -a n th o c y a n in  r a t i o .  In  th e  case  o f  l e u c o - d e lp h in id in -  
l i k e  po lym ers , no change in  the  van i l l in / l e u c o a n th o c y a n in  r a t i o  might 
be exp ec ted  i f  th e  f u r t h e r  p o ly m e r is a t io n  in v o lv e s  t a i l - t o - t a i l  po lym ers.
These argum ents p resuppose  t h a t  p o ly m e r is a t io n  o f  the  
le u c o -a n th o c y a n in s  o c cu rs  by th e  fo rm a t io n  o f  C-C l i n k s  which i n t e r f e r e  
( o r  n o t)  in  th e  v a n i l l i n  r e a c t i o n .  Although such l i n k s  a re  most 
p ro b ab ly  formed when c a te c h in s  po lym erise  (see  Table 4^)> the  polym er­
i s a t i o n  of le u c o -a n th o c y a n in s  may w e l l  fo l lo w  a d i f f e r e n t  course  
in v o lv in g  th e  fo rm a t io n  o f  e th e r  l i n k s  ( c f ,  H e rg e r t  fo rm u la e .  C hapter 1, 
page 15 )•  Such changes, a l th o u g h  no t in v o lv in g  th e  fo rm a t io n  o f  
C-C bonds, m ight w e l l  reduce  th e  a b i l i t y  o f  v a n i l l i n  to  r e a c t  w i th  
th e  p h lo ro g lu c in o l  r i n g  by some s t e r i c  e f f e c t .  O bv iously , more 
e x perim en ts  w i th  model compounds a re  r e q u i r e d  b e fo re  any changes which 
m ight be obse rved  can be a d e q u a te ly  d e sc r ib e d  in  chem ical te rm s .
As m entioned in  C hap ter 3, H i l l i s  and Swain ( l95 9 )  showed 
t h a t  monomeric, o l ig o m e ric  and po lym eric  ta n n in s  could  be p a r t l y  
s e p a ra te d  from each o th e r  by t h e i r  d i f f e r e n t i a l  s o l u b i l i t y  in  a b s o lu te  
and 50% m ethano l. Thus, the  r a t i o  o f  compounds s o lu b le  in  th e s e  two 
s o lv e n ts  ( 50/IOO r a t i o )  should  g iv e  a measure o f  p o ly m e r is a t io n .
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FreudenlDerg (195^) s t a t e d  t h a t  the  dimer o f  c a te o h in ,  u n l ik e  c a te c h in  
i t s e l f ,  had t r u e  t a n n i n - l i k e  p r o p e r t i e s ,  and was ve ry  a s t r i n g e n t  to  th e  
t a s t e .  I t  seems l i k e l y ,  t h e r e f o r e ,  t h a t  i t  i s  such "o l ig o m e ric "  
su b s ta n c e s  (d im ers  and t r im e r s )  which im part a s t r in g e n c y  to  th e  u n r ip e  
f r u i t .  When th ey  po lym erise  f u r t h e r ,  they  may become too l a r g e  to be 
capab le  o f  e f f e c t i v e l y  c r o s s - l i n k in g  p ro te in *  Thus an in c r e a s e  in  th e  
50/100  r a t i o  would i n d ic a t e  a d e c re a se  in  t a n n in s  of th e  r i g h t  s i z e  to 
cause a s t r in g e n c y .
We have, t h e r e f o r e ,  two m easures o f  in c re a s e d  m o le c u la r  s iz e  
and hence reduced  a s t r in g e n c y *  One, a low v a n i l l i n / l e u c o - a n t h o c y a n i n  
(v/LA) r a t i o ,  and tw o, a h igh  50/ 1OO r a t i o .  The a p p l i c a t i o n  o f  th e s e  
m easures to  th e  r e s u l t s  in  T ab les  4^, 4^ and 4^ w i l l  now be d is c u s s e d .
Table 4^
The Tannins in ,B an aaa
Banana o u te r  m esocarp, 
s ta g e  of r i p e n e s s
E x t r a c t
MeO^ E.D. V L.A.
Rat io
v/ la
U nripe 100^ 9 .3 6 .3 9 .0 0 .70
Unripe 50^ 0.7 0 .4 1 .5 0.27
T o ta l 10 .0 6 .7 10.5
R atio  50/100 0.08 0.06 0.17
Ripe 100^ 3 .2 1 .4 0 .6 2*3
Ripe 50^ 2.1 1 .2 4 .7 0.25
T o ta l 5.3 2.6 5 .3
R atio  50/100 0.66 0.86 7 .8
Banana sk in
Unripe 100^ 58.0 21 .0 28.0 0 .75
Unripe 3 .6 5 .3 8 .0 0.66
T o ta l 61.6 26.3 36.0
R a tio  50/100 0.06 0.25 0.29
Ripe 100# 65 .0 16 .0 29 .0 0 .55
Ripe 50# 9.5 5 .5 13 .0 0.42
T o ta l 74.5 21.5 42 .0
R atio  50/100 0.15 0 .3 4 0.45
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F.D. P o l in -D e n is  r e a c t in g  compounds as  mg c a te c h in /g *  dry  w e ig h t .
V v a n i l l i n  r e a c t i n g  compounds as  mg c a t e c h in /g .  d ry  w e ig h t .
L.A* le u c o -a n th o c y a n in  r e a c t i n g  compounds a s  mg cacao le u c o -a n th o c y a n in /g .
d ry  w e ig h t .
Table 4 
The Tannins in  Large Plums
Plum O uter Mesocarp 
Stage o f  R ipeness
E x t r a c t
MeOB# F.D. V L.A.
R a tio
v/ la
Unripe 100% 12 6 9 0.67
U nripe 50^ 1 1 3 0 .3 3
T o ta l 13 7 12
R a tio  50/100 0.08 0.17 0.33
Ripe 100^ 16 10 7 1.43
Ripe 50^ 4 2 7 0.29
T o ta l 20 12 14
R atio  50/100 0.25 0 .20 loO
P.D . F o l in -D e n is  r e a c t i n g  compounds a s  mg c a t e c h in /g .  d ry  w eigh t 
V V a n i l l i n  r e a c t i n g  compounds a s  mg c a te c h in /g .  d ry  w e i ^ i t .
L.A. L euco -an thocyan in  r e a c t i n g  compounds a s  mg cacao le u c o -a n th o c y a n in /
g .  d ry  w e igh t
Table 4
The Change in  Tannins in  the Peach on R ipening
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Peach O uter Mesocarp 
S tage o f  R ipeness
E x t r a c t
MeOH^ F.D . V L.A.
R atio
v/ la
Unripe 100^ 18 7 .8 13.1 0 .59
U nripe 50^ 0 .6 0 .3 1 .4 0 .21
T o ta l 18.6 8 .1 14.5
R atio  50/100 0 .03 0 .0 4 0 .11
Ripe 100^ 21 10 .4 15.3 0 .68
Ripe 50^ 1 .3 0 .5  • 3 .6 0 .1 4
T o ta l 22 .3 10 . 9 ' 18.9
R a tio  50/100 0.06 0.05 0 .2 4
P.D . F o l in -D e n is  r e a c t i n g  compounds a s  mg c a t e c h in /g .  dry  w e ig h t .
V V a n i l l i n  r e a c t i n g  compounds a s  mg c a te c h in /g .  d ry  weight*
L.A. L euco-an thocyan in  r e a c t i n g  compounds a s  mg cacao le u c o -a n th o c y a n in /
g . d ry  w e igh t
Table 4
A Comparison in  the  Tannins in  Ripe A s t r in g e n t  
and N on-A str ing en t Peaches
R o n -A s tr in g en t  
O uter  Me so carp
E x t r a c t
MeOa# F.D . V L.A.
R a tio
v/ la
Ripe 100^ 20 10 15.2 0.67
50# 1 .4 0.66 2 .6 0.25
T o ta l
R a tio  50/100
21*4
0*07
10.66
0*07
17.8
0*17
A s tr in g e n t  
O uter Me so carp
Ripe 100# 20 10.1 8 .9 1.14
50# 1.5 1.1 3.7 0 .30
T o ta l
R a tio  50/100
21*5
0*07
11*1
0 .1
12.6
0*42
F.D . F o l in -D e n is  r e a c t i n g  compounds a s  mg c a te c h in /g *  d ry  w e ig h t .
V V a n i l l i n  r e a c t i n g  compounds asmg c a t e c h in /g .  d ry  w e ig h t .
L.A. L euco-an thocyan in  a s  mg cacao le u c o -a n th o c y a n in /g .  d ry  w eigh t
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( b ) D isc u s s io n  o f  T ab les  4 ^ ,  4 ^ and 4^
( i )  G enera l T rends.
In  each case  an in c r e a s e  i s  ob se rv ed  i n  the  50/IOO r a t i o  
in  th e  F o l in - D e n is ,  v a n i l l i n  and le u c o -a n th o c y a n in  r e a c t i n g  compounds 
in  th e  r i p e  f r u i t  compared to  th e  u n r ip e  f r u i t .  T h is  i s  p a r a l l e l e d  by 
an i n c r e a s e  in  th e  v a n i l l i n / l e u c o - a n t h o c y a n i n  ( v / l a )  i n  th e  100# m ethano l 
e x t r a c t  ( e x c e p t  f o r  banana  s k in .  Table 4 ) and a s m a l le r  d e c re a s e  in  
t h i s  r a t i o  in  the  50# m ethano l e x t r a c t .  I t  shou ld  be a l s o  n o te d  t h a t  
th e  ( v / l a )  r a t i o  i s  h ig h e r  in  the  100# m ethano l e x t r a c t  th an  in  th e
50# e x t r a c t  i n  each  c a se .
( i i )  Changes i n  Tannins i n  th e  Banana on R ip en in g .
'2The r e s u l t s  o f one o f  th e s e  e x p e r im e n ts  i s  shown in  Table 4 
and i s  th e  most d ra m a tic  i n  t h i s  s e r i e s .  The changes i n  t a n n in s  a re  
shown in  b o th  th e  s k in  and the  o u t e r  m esocarp . I f  we c o n s id e r  th e  
a c t u a l  change in  the  banana o u t e r  m esocarp in  d e t a i l :  F i r s t  th e  " t o t a l
e x t r a c t a b l e  t a n n in s "  a n a ly se d  by F o l in -D e n is  f e l l  by n e a r l y  50# (lO.O 
to  5 *3 ) ,  and t h e r e  i s  a marked d i f f e r e n c e  in  the  t a n n in s  e x t r a c t e d  by 
a b s o lu te  and aq[ueous m e th an o l .  T annins i n  th e  f i r s t  c l a s s  d e c re a se  
to o n e - t h i r d  o f  th e  i n i t i a l  v a lu e ,  w he reas  th o se  o f  th e  second c l a s s  
in c r e a s e  t h r e e f o l d .  These changes a re  p a r a l l e l e d  by th e  v a n i l l i n  and 
le u c o -a n th o c y a n in  r e a c t i n g  s u b s ta n c e s ;  in  the  case  o f  th e  l a t t e r ,  th e  
drop in  a b s o lu te  m ethano l e x t r a c t i v e s  b e in g  o v e r  90#.
The v a n i l l i n : l e u c o - a n t h o c y a n i n  r a t i o  o f  the  a b s o lu te  m ethano l 
e x t r a c t  i n c r e a s e s  on r i p e n i n g ,  w hich shows t h a t  t h e r e  i s  a l o s s  o f  
(presum ed) o l ig o m e r ic  m a t e r i a l  ( th e  f i n a l  r a t i o  i s  g r e a t e r  th a n  t h a t  
e x p e c te d  f o r  monomers); th e  d e c re a s e  i n  th e  r a t i o  i n  th e  50# m ethano l 
e x t r a c t s  s u g g e s ts  t h a t  some p o ly m e r i s a t io n  may have ta k e n  p l a c e .  The 
sm a lln e s s  o f  the  change m ight be due to the  f a c t  t h a t  s in c e  f u r t h e r  
p o ly m e r i s a t io n  might be presum ed to  l e a d  f i n a l l y  to  com plete  i n s o l u b i l i t y ,  
the  l i m i t  in  m o le c u la r  s i z e  h as  a lm ost been r e a c h e d .  In  t h i s  f r u i t  
the  a n a l y t i c a l  changes a re  i n  a cc o rd  w i th  th e  h y p o th e se s  made above, p .  60 
The o l ig o m e r ic  t a n n i n s ,  w hich  were p r e s e n t  i n  th e  u n r ip e  f r u i t ,  had been 
p o ly m e r is e d  f u r t h e r  to g iv e  50#  m ethano l s o lu b le  and in s o lu b le  po lym ers
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w hich  w ere no lo n g e r  a s t r i n g e n t ;  w h e reas  monomeric s u b s ta n c e s ,  which 
were too sm all  to  be a s t r i n g e n t ,  have rem ained  unchanged . These 
changes found  in  the o u te r  m esocarp on r ip e n in g  a re  s i m i l a r  to  th o se  
found  by B a r n e l l  and B a r n e l l  ( l 9 4 5 ) j  (C hap te r  2 , p .  s A-)*
There i s  q u i t e  a d i f f e r e n t  s e r i e s  of changes i n  the  
banana  s k in  (Table  4 ^ )•  H ere , the  t o t a l  t a n n in s  (F .D .)  a c t u a l l y  
i n c r e a s e  on r i p e n in g  and a l th o u g h  th e  g e n e ra l  t r e n d s  d i s c u s s e d  above 
show p o ly m e r i s a t io n  h a s  tak e n  p la c e  i t  i s  n o t  n e a r l y  a s  marked a s  i n  
the  f r u i t .  T his i s  h a rd ly  s u r p r i s i n g  s in c e  even in  th e  r i p e  banana  
th e  s k in  i s  m arkedly  a s t r i n g e n t .
( i i i )  Changes i n  T annins i n  Peach and Plum.
The changes i n  th e s e  two f r u i t s  were s i m i l a r  and can be 
d i s c u s s e d  to g e th e r  (T a b le s  4^ and 4^ r e s p e c t i v e l y ) .  U nlike  th e  banana , 
b o th  the. peach and plum m esocarp showed an in c r e a s e  in  t a n n in s  on 
r i p e n i n g  w h e th e r  m easured  by F o l in - D e n is ,  v a n i l l i n ,  o r  l e u c o -a n th o c y a n in  
r e a c t i o n s .  However, t h e r e  was a s i m i l a r i t y  betw een th e s e  f r u i t s  and 
th e  banana  in  t h a t  th e  changes i n  th e  r a t i o s  o f  v a n i l l i n / l e u c o -  
a n th o c y a n in  r e a c t i n g  compounds and th e  o^/lOOfo m ethano l s o lu b le s  were 
i n  th e  same d i r e c t i o n ,  and t h i s  f i t s  i n  w i th  the  h y p o th e s is  o f  an 
i n c r e a s e  i n  m o le c u la r  s i z e  o f  th e  t a n n in s  on r i p e n i n g .  The o b se rv ed  
o v e r a l l  in c r e a s e  i n  th e  amount o f  t a n n in s  cou ld  be due to c a u se s  o t h e r  
th a n  n e t  s y n t h e s i s .  Both th e  plum and the p e ac h ,  when u n r i p e ,  do no t 
have th e  same ty p e  o f  a s t r i n g e n t  t a s t e  a s  the  u n r ip e  b an an a , which 
g iv e s  such a p u ck ery  t a s t e  t h a t  i t  i s  s p a t  ou t a t  o n c e .  The a s t r in g e n c y  
o f  the u n r ip e  plum and the  peach  i s  l e s s  o b j e c t i o n a b le  th an  t h e i r  
a c i d i t y .  Thus th e  a c t u a l  m o le c u le s  g iv in g  th e  r e l a t i v e l y  h ig h  t a n n in  
a n a l y s i s  a re  o b v io u s ly  n o t  a s  u n d e s i r a b l e ,  w e ig h t  f o r  w e ig h t ,  a s  th o se  
in  th e  banana , and i t  f o l lo w s  we cannot e q u a te  m o le c u la r  s i z e  a s  shown 
by a n a l y s i s  to  a s t r in g e n c y  in  the  mouth; a l s o ,  on r ip e n in g ,m o s t  o f  th e  
i n s o lu b le  p o ly m e ric  c a rb o h y d ra te s  in  th e  peach  and plum a re  c o n v e r te d  
to  su g a rs  and a t  the same tim e th e r e  i s  a break-dow n i n  c e l l u l a r  
s t r u c t u r e .  This may redu ce  th e  amount o f  p o ly m e r ic  m a t e r i a l  a v a i l a b l e  
to  complex w i th  the t a n n in  m o le c u le s  so th ey  a re  more e a s i l y  e x t r a c t e d  
from th e  r i p e  f r u i t  th an  from th e  u n r ip e  f r u i t .
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A f u r t h e r  d i f f i c u l t y  l i e s  i n  o b ta in in g  a b s o lu te  m e th a n o l ic  
e x t r a c t s  from th e  r i p e  j u i c y  t i s s u e  o f  b o th  peach  and plum, and i t  i s  
c e r t a i n  t h a t  th e s e  e x t r a c t s  would in c lu d e  some o f  th e  aqueous 
m e th a n o l - s o lu b le  m a t e r i a l  w hich would i n v a l i d a t e  th e  r e s u l t s .
T h is  i s  b ro u g h t  out by th e  r e s u l t s  f o r  n o n - a s t r i n g e n t  and 
a s t r i n g e n t  p e a c h e s .  Table  where i t  can be seen  t h a t  th e  o^/lOO r a t i o  
f o r  the  F o l in -D e n is  r e a c t i n g  compounds i s  th e  same in  b o th  c a s e s .
These r e s u l t s  do show, however, t h a t  in  th e  peach  a t  l e a s t  h ig h e r  
a s t r in g e n c y  i s  r e l a t e d  to  a h ig h  v a n i l l i n / l e u c o - a n t h o c y a n i n  r a t i o  in  
b o th  a b s o lu te  and aqueous m ethanol e x t r a c t s ,  bu t i t  shou ld  be n o te d  
t h a t  th e  50/ 1OO r a t i o s  f o r  th e  l e u c o -a n th o c y a n in  r e a c t i n g  m a t e r i a l  a re  
anom alous. These r e s u l t s  p o in t  a g a in  to  th e  f a c t  t h a t  th e  changes  i n  
t a n n i n s  i n  each f r u i t  m ust be c o n s id e re d  s e p a r a t e l y  and no a l l - e m b r a c in g  
th e o r y  can be s e t  up .
One im p o r ta n t  f e a t u r e  w hich  h as  n o t  been  m entioned  i s  t h a t  
th e  main 1eu c o -a n th o c y a n in s  in  th e  banana  a re  based  on l e u c o - d e l p h i n i d i n  
(Simmons, 1959)> w h e reas  i n  th e  plum and th e  peach th e  compounds a re  
b ased  on l e u c o - c y a n id in .  One would e x p e c t ,  t h e r e f o r e ,  t h a t  i n  th e  
b an an a , p o ly m e r i s a t i o n  of th e  t a n n in  m ight in v o lv e  no change i n  th e  
v a n i l l i n / l e u c o - a n t h o c y a n i n  r a t i o  ( c f .  (+ ) - g a l l o c a t e c h i n .  Table 4 ) i f  
t h i s  t a k e s  p la c e  by t a i l - t o - t a i l  l in k a g e  ( Hathway, see  C hap ter  1 , p * f i  )* 
W hereas in  th e  plum and p e ac h ,  p o ly m e r i s a t io n  would l e a d  to  much g r e a t e r  
changes th a n  th o s e  a c t u a l l y  o b se rv e d .  (cf*  (+ ) - c a t e c h i n .  Table 4^)»
These an o m a lie s  p o in t  to our la c k  o f  knowledge on p o ly m e r i s a t io n  
p r o c e s s e s  and a g a in  s t r e s s  th e  need f o r  more e x p e r im e n ts  w i th  model 
sy s tem s .
5* CONCLUSION
V/e may conclude  from th e s e  e x p e r im e n ts  t h a t  th e  a n a l y t i c a l  
m ethods d e s c r ib e d  in  C hap te r  3 a re  o f some use  i n  s tu d y in g  the  changes 
in  t a n n i n s  in  the  r i p e n i n g  o f  f r u i t s ,  bu t t h a t  i n  j u i c y  f r u i t s ,  
e s p e c i a l l y  the sim ple  method o f  s e p a r a t io n  of t a n n i n s ,  a re  n o t  a p p l i c a b l e  
and t h i s  makes an argum ent based  on chem ical a n a l y s i s  d i f f i c u l t  to  
s u s ta in *  In  an e f f o r t  to  overcome th e s e  d i f f i c u l t i e s ,  i t  was d e c id e d  to  
i n v e s t i g a t e  the changes in  th e  a s t r in g e n c y  o f  t a n n i n s  by m easu rin g  t h e i r  
b in d in g  power f o r  enzymic p r o t e i n .  These e x p e r im e n ts  a re  d e s c r ib e d  in  
C hap te r  5*
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Summary to  Chapter 4
lo The changes in  t a n n in s  on th e  d a rk  r i p e n i n g  o f  b a n an a s ,
pe ac h es  and plums have been d e te rm in e d  in  o rd e r  to g a in  
some i n s i g h t  i n to  th e  c au se s  o f  l o s s  i n  a s t r in g e n c y .
2. Loss o f  a s t r in g e n c y  has  been assumed to  be due to
p o ly m e r i s a t io n  o f  th e  t a n n in s  and h as  been m easured  by 
the  changes in  two r a t i o s ,  a r e d u c t io n  in  th e  v a n i l l i n  
to  l e u c o - a n th o c y a n in  r a t i o  (v/LA) and an i n c r e a s e  in ' 
th e  50# m ethano l s o lu b le  to  100# m ethano l s o lu b le  
e x t r a c t i v e s *
3* The r e s u l t s  would seem to  con firm  in  p a r t  th e  h y p o th e s is
p u t  fo rw a rd  by Swain (1956) t h a t  th e  l o s s  o f  a s t r in g e n c y  
in  f r u i t s  on r ip e n in g  i s  due to  p o ly m e r i s a t io n  of th e  
t a n n in s  w i th  th e  l e u c o -a n th o c y a n in s  p l a y in g  an im p o rtan t  
p a r t*  However, d i f f i c u l t i e s  in  d e a l in g  w i th  j u i c y  f r u i t s  
p o in t  to  th e  need  f o r  o b t a in in g  s u p p o r t in g  e v id en ce  by 
o t h e r  means.
C hapter 5*
The d e te r m i n a t i o n  o f  th e  m o le c u la r  s i z e  o f  t a n n i n s  by t h e i r  
e f f e c t  on enzym es.
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C h a p te r  5
THE DETERMINATION OF MOLECULAR SIZE OF TANNINS BY THEIR 
EFFECT ON ENZYMES.
1 . INTRODUCTION
In  C h a p te r  1, t a n n i n s  were d e s c r i b e d  a s  compounds 
c a p a b le  o f  c r o s s - l i n k i n g  p r o t e i n ,  p re su m ab ly  by fo rm in g  hydrogen  
bonds be tw een  th e  p h e n o l i c  h y d ro x y l  g ro u p s  o f  th e  t a n n i n  and th e  
amino g ro u p s  o f  th e  p r o t e i n .  T h is  r e a c t i o n  i s  th e  b a s i s  o f  th e  
c o n v e r s io n  o f  a n im a l  h id e  i n t o  d e c a y - r e s i s t i n g  l e a t h e r .  The manu­
f a c t u r e  o f  l e a t h e r  by t a n n i n g  a n im a l  h i d e s  w i th  v e g e t a b l e  e x t r a c t s  i s  
a lm o s t  a s  o ld  a s  th e  docum ented h i s t o r y  o f  man. L e a th e r  a r t i c l e s  
have been found  in  th e  tombs o f  th e  P h a ra o h s  i n  E gypt some 4000 y e a r s  
o l d ,  and p i c t u r e s  o f  t a n n e r i e s  have been  found  on E g y p t ia n  p a p y r i  
from  th e  seco nd  d y n a s ty .  L e a th e r  a r t i c l e s  have been  found  d a t i n g  
from N e o l i t h i c  t im e s  in  b o th  E ng land  and  Denmark, and l e a t h e r  o f  
Roman o r i g i n  h a s  been found  i n  c e r t a i n  tombs i n  P a r i s .  L ike  so 
many t r a d i t i o n a l  c r a f t s  v e ry  l i t t l e  i s  known a b o u t  th e  r e a c t i o n  
be tw een  a n im a l  h id e  " c o l l a g e n "  and a ro m a t i c  p h e n o l i c  compounds 
" t a n n i n s " .  The f i r s t  s e r i o u s  s tu d y  on t h i s  p ro b lem  was by S i r  
Humphrey Davy in  I 8 0 3 . He s t u d i e d  th e  a b i l i t y  o f  e x t r a c t s  from 
v a r i o u s  p l a n t s  to  p r e c i p i t a t e  g e l a t i n  and  to  t a n  c a l f - s k i n .  In  
e x p e r im e n ts  on th e  p r e c i p i t a t i o n  o f  g e l a t i n  he found  th e  r e l a t i v e  
c o n c e n t r a t i o n  o f  th e  g e l a t i n  and th e  t a n n i n  to  be i m p o r t a n t .  When 
th e  q u a n t i t i e s  were k e p t  c o n s t a n t  b u t  were p r e s e n t  i n  more d i l u t e  
s o l u t i o n ,  l e s s  p r e c i p i t a t e  was fo rm ed . He a l s o  n o t i c e d  t h a t  i f  
e x c e s s  g e l a t i n  was p r e s e n t ,  th e  t a n n i n - g e l a t i n  p r e c i p i t a t e  
r e d i s s o l v e d :  a l lo w in g  f o r  t h i s  he d e te rm in e d  th e  q u a n t i t i e s  o f
t a n n i n s  from v a r i o u s  p l a n t  e x t r a c t s  w hich  combined w i th  g e l a t i n  
and  w i th  c a l f - s k i n  (T ab le  5 ^ )•
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T ab le  5 
1<0 COMPLEX'(56
PERCENTAGE TANNIN AD&ONBED -B^ - GSLA^IN AND ■ GjVLF- SKIN
E x t r a c t  from; G e l a t i n C a l f - s k i n
Oak b a r k 4l 26
L e i c e s t e r  w i l lo w  b a r k 43 28
S p a n i s h  c h e s t n u t 39 -
A l p e l l o  g a l l s 46 39
C a tech u 4l 21
These r e s u l t s  show t h a t th e  ty p e  o f  p r o t e i n r a t h e r  t h a n  t h e  type  of
t a n n i n  seem to  be i m p o r t a n t  i n  d e t e r m i n i n g th e amount o f  t a n n i n  i n  th e
complex .  These r e s u l t s have been  c o n f i rm e d  by l a t e r  w o rk e r s
(T ab le  5 ^ ) -
Table  5^
PERCENTAGE TANNIN ADSORBED BY VAR PROTEINS
Source  o f  t a n n i n P r o t e i n  % Tann in  a d s o r b e d  A u tho r
C a l lu n a  v u l g a r i s C a se in 26 Handley ( I 96 I )
C i r c a c a c a  l u t e t i a n a tr 31 11
Charaaenion a n g u s t i f o l i u m ti 31 IT
C o d f i s h G u s tav son  (1936)
Catechu C o l la g e n 22 IT
Gambia fi 20 II
Tannic  a c i d u 22 II
Sumach II 17 If
E e l - c o l l a g e n '3 6 If
Mimosa 11 26 II
The am az ing  t h i n g  a b o u t  t h e s e  r e s u l t s  i s  t h a t  G us tav so n  o b t a i n e d  th e  
same r e s u l t  f o r  C & tech u - tan n ed  c o d - s k i n  t h a t  S i r  Humphrey Davy d i d  f o r  
c a l f - s k i n  153 y e a r s  e a r l i e r .
Handley (1961)  s u g g e s t e d  t h a t  t a n n i n - p r o t e i n  complexes  
a r e  i m p o r t a n t ,  c o n c e r n i n g  b o th  th e  d i g e s t i b i l i t y  o f  c e r t a i n  p l a n t s  
a s  f o r a g e  and  th e  f o r m a t i o n  o f  v e g e t a b l e  l i t t e r .  He s u g g e s t e d  t h a t  
th e  f o r m a t i o n  o f  humus on mor s i t e s  i s  due p a r t l y  t o  t h e  a c i d i t y  o f  
th e  s o i l  which  p r e v e n t s  th e  d i s s o c i a t i o n  o f  th e  t a n n i n - p r o t e i n  complex 
and  p a r t l y  t o  th e  ty p e  o f  t a n n i n  p r e s e n t  i n  th e  l e a v e s  o f  p l a n t s  which 
grow on such  s i t e s .  He s u g g e s t e d  t h a t  t h e s e  com plexes  a r e  much more 
r e s i s t a n t  t o  breakdown w i t h  r e l e a s e  o f  n i t r o g e n  to  t h e  s o i l  t h an  
complexes  formed from t a n n i n s  p r e s e n t  i n  p l a n t s  grown on m u l l  s i t e s .
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He m en t io n ed  t h a t  sheep  f e d  on f r e s h  C a l lu n a  l e a v e s  compared w e l l  
w i t h  t h o s e  f e d  on g r a s s ,  b u t  i f  t h e  d r i e d  C a l lu n a  was u se d  th e  sheep  
l o s t  w e i g h t ,  and he s u g g e s t e d  t h a t  t r y p s i n  c o u ld  n o t  a c t  on t a n n e d -  
p r o t e i n  p r e s e n t  i n  t h e  C a l lu n a  hay .
There ha s  n o t  been  much work on t h e  a c t i o n  o f  t a n n i n s  on 
enzymes and most o f  th e  p u b l i s h e d  work r e f e r s  u n f o r t u n a t e l y  to  th e  
a c t i o n  o f  enzymes on s u b s t r a t e s  which a r e  t h e m s e lv e s  p o ly m e r ic  and 
c a p a b le  o f  b i n d i n g  t a n n i n s .  Thus i n  t h e  work o f  B a r n e l l  and  B a r n e l l  
( 1945 ) ,  which  has  been  r e f e r r e d  t o  p r e v i o u s l y ,  t h e  measurement o f  
a s t r i n g e n t  t a n n i n  i n  banana  was c a r r i e d  ou t  by a d d in g  th e  t a n n i n  con­
t a i n i n g  ' e x t r a c t  to  s t a r c h  s o l u t i o n  s u b s e q u e n t l y  a d d in g  th e  enzyme 
d i a s t a s e .  A l though  t h e y  showed t h a t  i n h i b i t i o n  was n o t  o b t a i n e d  when 
t h e  t a n n i n  c o n t a i n i n g  e x t r a c t  was ru n  down a column o f  h id e -p o w d e r  
p r i o r  to  th e  a d d i t i o n  o f  s t a r c h ,  i t  was n o t  c l e a r  w h e th e r  t h e  enzyme 
o r  th e  s u b s t r a t e  had been t a n n e d .  We have o b s e r v e d  t h a t  a g a r ^ s t a r c h  
and  p e c t i n  form complexes  w i t h  t a n n i n s  ( G o l d s t e i n  and  Swain,  1962 
u n p u b l i s h e d ) ,  which d e s t r o y  t h e i r  a b i l i t y  t o  form g e l s .  A s i m i l a r  
c r i t i c i s m  can t h u s  be l e v e l l e d  a g a i n s t  t h e  work of  Hathway and S e a k i n s  
( 1938 ) who d e te r m in e d  th e  e f f e c t  o f  m y ro b a lan  and  gambia t a n n i n s  on 
t h e  h y d r o l y s i s  o f  " n a t i v e " p e c t i n  and  low m e th o x y p e c t in  by v a r i o u s  
p e c t i n a s e s  by a v i s c o s i t y  method.  I n  one e x p e r im e n t  t h e y  t r e a t e d  a 
s o l u t i o n  o f  p e c t i n  a t  pH 5»0 w i t h  t a n n i n s  and m easu red  th e  d e c r e a s e  
i n  v i s c o s i t y  on a d d in g  th e  enzyme. When t h e i r  r e s u l t s  a r e  e x p r e s s e d  
a s  t ime f o r  l o s s  o f  h a l f  t h e  o r i g i n a l  v i s c o s i t y ,  i t  i s  a p p a r e n t  t h a t  
no t r u e  i n h i b i t i o n  i s  found  e x c e p t  i n  t h e  c ase  o f  m yroba lan  t a n n i n  
w i t h  low methoxy p e c t i n  (T ab le  3 ^ ) .W ith  p e c t i n  i t s e l f  t h e r e  i s  
a c t u a l l y  an a p p a r e n t  i n c r e a s e  i n  r a t e .
Table  5^
EFFECT OF TANNINS ON PECTINASES
T re a tm e n t  Low methoxy p e c t i n  High methoxy p e c t i n
Time f o r  l o s s  o f  h a l f  v i s c o s i t y  i n  m in u te s
C o n t r o l  34  60
M yroba lan  t a n n i n  210 30
Gambia t a n n i n  33 -34
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Here a g a i n  i t  i s  u n d o u b te d ly  th e  s u b s t r a t e  which has  been  t a n n e d .  
Hathway and S e a k in s  d id  d e m o n s t r a t e  t h a t  t r e a t m e n t  o f  p e c t i n a s e  
i t s e l f  w i t h  g a l l o - t a n n i n  gave i n h i b i t i o n ,  and  t h a t  a p a r t  o f  th e  
enzyme a c t i v i t y  c o u ld  be r e c o v e r e d  by " s o l v e n t  s t r i p p i n g "  which 
p re su m ab ly  r e f e r s  to  t r e a t m e n t  w i t h  a c e t o n e .  (T ab le  34)
Table  5^
TIME IN MINUTES FOR LOSS OF HALF THE ORIGINAL VISCOSITY 
C o n t r o l  113
G a l l o t a n n i n -
p e c t i n a s e  complex 1320
R e g e n e r a t e d  complex 263
The i n h i b i t i o n  o f  p e c t i n a s e  by t a n n i n s  i s  t h o u g h t  
t o  be one f a c t o r  r e s p o n s i b l e  f o r  t h e  r e s i s t a n c e  to  f u n g a l  a t t a c k  
by c e r t a i n  p l a n t s .  Many f u n g i  s e c r e t e  p e c t i n a s e s  ( m a c e r a t i n g  
enzymes) i n  o r d e r  t o  g a in  e n t r y  i n t o  t h e  p l a n t .  Thus Byrde ( 1 9 3 7 ) ,  
i n v e s t i g a t i n g  th e  r e s i s t a n c e  of  some v a r i e t i e s  o f  c i d e r  a p p le  to  
i n f e c t i o n  by th e  brown r o t  fu n g u s  ( S c l e r o t i n i a  f r u c t i g e n a ) , found  
t h a t  th e  p r e s e n c e  o f  t a n n i n s  and o x i d i s e d  t a n n i n s  c a u se d  a r e d u c t i o n  
i n  th e  a c t i v i t y  o f  th e  " m a c e r a t i n g  enzyme" from t h i s  fu n g u s .
T ab le  3^ shows some r e s u l t s  o b t a i n e d  u s i n g  th e  o x i d i s e d  j u i c e  o f  
t h e  c i d e r  a p p l e  Y a r l i n g t o n  M i l l .
T ab le  3^
THE EFFECT OF TANNINS ON THE MACERATING ENZYME-
Enzyme t r e a t m e n t Mean m a c e r a t i n g  a c t i v i t y
C o n t r o l  ( w a te r ) 7 .3
G e l a t i n  0 . 2/o 7 .3
Y a r l i n g t o n  M i l l  j u i c e 2 .9
G e l a t i n  t r e a t e d  j u i c e 6 .7
G a l l o t a n n i n  0 . 2 # 2 .0 : ;
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Again th e  use  o f  a complex s u b s t r a t e ,  i n  t h i s  c a se  cucumber s l i c e s ,  
does  n o t  p r e c l u d e  th e  p o s s i b i l i t y  t h a t  th e  t a n n i n - p r o t e i n  d i s s o c i a t e s  
and th e  t a n n i n  a t t a c h e s  i t s e l f  to  th e  s u b s t r a t e  which i s  t h e r e b y  p r o ­
t e c t e d  from a t t a c k .
I t  ha s  been shown t h a t  p r o t e i n - t a n n i n  complexes  can be 
s p l i t ,  and  i n  some c a s e s  th e  enzyme a c t i v i t y  can be c o m p l e t e ly  r e ­
c o v e r e d .  • ^The P o l i s h  w o rk e rs  M e jb a u m -K a tz e n e l le n b o g e n , D obryszycka ,  
Ja w orska  and  Morawiecka (1959 ,  1961, 1962) i n  a s e r i e s  o f  p a p e r s  
showed t h a t  pH and th e  c o n c e n t r a t i o n  o f  th e  r e a g e n t s  were i m p o r t a n t  i n  
fo rm in g  complexes  be tween  t a n n i n s  and  v a r i o u s  p r o t e i n s .  They demon­
s t r a t e d  t h a t  such  complexes  c o u ld  be d i s s o c i a t e d  by d i l u t i o n ,  o r  by 
t r e a t m e n t  w i t h  u r e a  o r  c a f f e i n e ,  and th e  enzym ic ,  e l e c t r o p h o r e t i c ,  and  
im m u n o lo g ic a l  p r o p e r t i e s  o f  t h e  p r o t e i n  were t h e r e b y  r e c o v e r e d  un-  
im p a re d .  The to b a c c o - m o s a ic  v i r u s  has  a l s o  been  shown to  be 
i n a c t i v a t e d  and p r e c i p i t a t e d  by a  s t r o n g  s o l u t i o n  o f  t a n n i c  a c i d ,  and  
b o t h , T h r e s h  (1956)  and  Cadman (1959)  d e m o n s t r a t e d  t h a t  t h i s  i n a c t i v a t i o n  
c o u ld  be r e v e r s e d  by d i l u t i o n ,  p re su m ab ly  due to  th e  complex b e in g  
d i s s o c i a t e d .
With t h e s e  e x p e r i m e n t s  i n  mind i t  was d e c i d e d  to  i n v e s t i ­
g a t e  th e  i n h i b i t i o n  o f  enzymes by t a n n i n s  a s  a measure  o f  t h e i r
p r o t e i n - b i n d i n g  power,  and hence  to  have a d i r e c t  m easure  o f  t h e i r
, « 
a s t r in g e n c y .  I t  was hoped a l s o  t h a t  t h e s e  e x p er im en ts ,  would i n d i c a t e
what im p o r t a n c e  such  complexes  m ig h t  have on th e  p r o c e s s  o f  r i p e n i n g  
- ( e . g .  t h e  climajjt^ic  o f  banana ' .  B i a l e  and  Young ( 1 9 6 l ) ) ' a n d  on manu­
f a c t u r i n g  p r o c e s s e s  ( e . g .  th e  f e r m e n t a t i o n  o f  c a c a o ) .  O th e r  
e x p e r i m e n t s  on m ethods  f o r  t h e  d i s s o c i a t i o n  o f  such  com plexes  were 
d e s i g n e d  t o  a f f o r d  ways o f  o b t a i n i n g  t a n n i n  f r a c t i o n s  f o r  f u r t h e r  
c h e m ic a l  s t u d y .  The enzymes chosen  were t h o s e  which a c t  on a s im p le  
s u b s t r a t e ,  and a r e  a s  f o l l o w s :
|3 - g l u c o s i d e  g l u c o h y d r o l a s e  ( ^ g l u c o s i d a s e )  I .U .B .  No. ( 3 » 2 . 1 . 2 1 . )  ;
Donor:  H2O2 o x i d o r e d u c t a s e  ( p e r o x i d a s e )  I.TJ.B. No. ( 1 . 1 1 . 1 . 7 . )  i
H2 0 2 :H202 o x i d o r e d u c t a s e  ( c a t a l a s e )  I . U .B .  No. ( 1 . 1 1 . 1 . 6 . )  ;
Alcohol:NAD o x i d o r e d u c t a s e  ( a l c o h o l  d e h y d ro g e n a s e )  I . U . B .  No. ( 1 . 1 . 1 . 1 . )  
L - la c t a t e :N A D  o x i d o r e d u c t a s e  ( l a c t d t e  d e h y d r o g e n a s e ) I .U . B .  No. ( l . 1 . 1 . 2 7 . ) j
( I . U . B .  No. r e f e r s  to  th e  number a s s i g n e d  by th e  Commission  on enzymes 
o f  th e  I n t e r n a t i o n a l  Union o f  B i o c h e m i s t r y ) .
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A f t e r  a s e r i e s  o f  p r e l i m i n a r y  e x p e r i m e n t s ,  /2>-g lucos idase  
from sw ee t  a lmonds was chosen  f o r  d e t a i l e d  s t u d y .  T h is  enzyme was
c o m m e rc ia l ly  a v a i l a b l e  i n  a r e a s o n a b l y  p u re  form, e a sy  to  a s s a y  u s i n g
th e  method d e s c r i b e d  be low ,  t h e r e  was l i t t l e  o r  no p o s s i b i l i t y  o f  th e  
s u b s t r a t e  ( a e s c u l i n )  fo rm in g  a complex w i th  th e  t a n n i n s ,  and  t h i s  en ­
zyme i s  known to  be p r e c i p i t a t e d  by t a n n i n s  s i n c e  t h i s  method i s  u sed
i n  i t s  p u r i f i c a t i o n  ( H e l f r i c h  e t  a l  1932)
2. THE EFFECT OF TANNIC ACID ON SWEET ALI4QND ^-GLUCOSIDASE
( i )  Method o f  a s s a y i n g  th e  a c t i v i t y  o f  th e  enzyme.
A l th o u g h  c o n t i n u o u s  methods f o r  th e  measurement o f  
/ 3 - g l u c o s i d a s e  a c t i v i t y  have been  d e s c r i b e d ,  t h e y  make use  e i t h e r  o f  
a r t i f i c i a l  s u b s t r a t e s  ( p - n i t r o  p h e n y i - ^ - D - g l u c o s i d e ,  Je rmyn,  1933) o r  
a r e  m easu red  a t  w a v e l e n g th s  a t  which  t a n n i n  may i n t e r f e r e ,  ( s a l i c y l i c -  
a c i d - j J - D - g l u c o s i d e  a t  309 my^Hofstee  1933)* B a r n e t  and Swain (1939 
u n p u b l i s h e d )  d e s c r i b e d  a n o n - c o n t i n u o u s  method u s i n g  a e s c u l i n  a s  a su b ­
s t r a t e  i n  which  th e  amount o f  a e s c u l e t i n  p ro d u c e d  was d e te r m in e d  by 
m e a s u r in g  th e  y e l lo w  a lum in ium  c h e l a t e  a t  400 m/\ T h is  method has  :
been  m o d i f i e d  to  g iv e  a  c o n t i n u o u s  method f o r  u se  w i t h  a  r e c o r d i n g  
s p e c t r o p h o t o m e t e r  whereby i n i t i a l  r a t e s  o f  r e a c t i o n  may be d e te r m in e d  
i n  2 -  3 m in u t e s .
The b a s i s  o f  th e  r e a c t i o n  i s  shown be low.
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( i i )  E x p e r i m e n t a l  
R e a g e n t s .
( a )  15 / ^ i / m l  a luminium c h l o r i d e  i n  0.1M a c e t a t e  b u f f e r  pH 4 . 8
(b)  4 ^ M / m l  a e s c u l i n  i n  0.1M a c e t a t e  b u f f e r  pH 4 . 8
( c ) ,  '355/^ /fÂ l j 'V g lu c o s id a se  ( from sw e e t  a lm onds,
W o rth in g to n  B io c h e m ic a l  Co. ) i n  0.1M t r i s  pH 6 . 0
The r e a g e n t s  were k e p t  s e p a r a t e l y  i n  a c o n s t a n t  t e m p e r a t u r e  w a t e r - b a t h  
m a i n t a i n e d  a t  pO^C. 2 .0 ^ 1  o f  th e  a lum in ium  c h l o r i d e  s o l u t i o n  and  
1.0'mL a e s c u l i n  s o l u t i o n  were p i p e t t e d  i n t o  b o th  r e f e r e n c e  and sample  
1 cm. q u a r t z  c e l l s .  The c e l l s  were c o v e r e d  w i t h  a p a r a f f i n  wax s t r i p  
( p a r a f i l r a ) ,  i n v e r t e d  t o  mix,  and  p l a c e d  i n  th e  c o n s t a n t  t e m p e r a t u r e  
c e l l  a t t a c h m e n t  o f  th e  Beckman D.K.2 r e c o r d i n g  s p e c t r o p h o t o m e t e r .
The sample and r e f e r e n c e  were b a l a n c e d  385  nyu 0 .0 5  ml o f  enzyme 
s o l u t i o n  was ad ded  to  t h e  sample  c e l l  f rom a m i c r o - p i p e t t e ,  and  t h e  
c o n t e n t s  o f  t h e  c e l l  w e l l  mixed.  The i n c r e a s e  i n  a b s o r b e n c e  was r e ­
c o rd e d  a u t o m a t i c a l l y  which  a l l o w e d  th e  i n i t i a l  r a t e  to  be c a l c u l a t e d .
3ero
The h y d r o l y s i s  o f  a e s c u l i n  f o l l o w s  f i r s t  o r d e r  k i n e t i c s  f o r  a t  l e a s t  
t h e  f i r s t  t e n  m in u te s  and a s t r a i g h t  l i n e  p l o t  i s  o b t a i n e d  u n t i l  a 
g r e a t  e x c e s s  o f  a e s c u l e t i n  i s  fo rm ed .  A s t a n d a r d  cu rv e  f o r  a e s c u l e t i n  
was d e te r m in e d  ove r  th e  r a n g e  u n de r  t e s t ,  ( t h e  a b s o r b e n c e  o f  0 .1  M 
a e s c u l e t i n  / 3 m l s  i s  0 . 2 2 ) .  The pH u s e d ,  4 . ‘8 was chosen  a s  i t  i s  n e a r  
t h e  maxima f o r  t h i s  enzyme ( 5 . 2 )  d e t e r m i n e d  by a  n o n - c o n t i n u o u s  method 
by Swain I 9 6 I u s i n g  a s e r i e s  o f  b u f f e r s  i n c l u d i n g  p h o s p h a te  and 
c i t r a t e  m i x t u r e s .  Because  t h e s e  two a c i d s  i n t e r f e r e  w i t h  th e  c h e l a t i o n  
o f  a lum in ium  by a e s c u l e t i n ,  b u f f e r s  c o n t a i n i n g  them were n o t  u s e d .
I n  a c e t a t e  b u f f e r s  above pH 5 . 8  t h e r e  was a t e n d e n c y  f o r  a lum in ium  to  
be thrown o u t  o f  s o l u t i o n  ( a s  th e  h y d ro x id e^  and so pH 4 . 8  was chosen  
a s  a s u i t a b l e  compromise.
( i i i )  Method f o r  o b t a i n i n g  a  t a n n i c  a c i d  /S- g l u c o s i d a s e  co m p lex .
I t  was found  t h a t  th e  f o r m a t i o n  o f  a p r e c i p i t a t e  
be tw een  t a n n i c  a c i d  and 3 - g l u c o s i d a s e  was d e p en d a n t  on pH, i o n i c  
s t r e n g t h  and c o n c e n t r a t i o n  o f  b o th  p r o t e i n  and t a n n i n .
To examine th e  e f f e c t  o f  pH, th e  enzyme a l o n e ,  o r  
enzyme and  t a n n i c  a c i d  ( b o t h  a t  a c o n c e n t r a t i o n  o f  Img/ml)  were a l l o w e d  
t o  s t a n d  f o r  30 m in u te s  a t  v a r i o u s  pH v a l u e s  and th e  s u p e r n a t a n t
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f r a c t i o n  o b t a i n e d  by c e n t r i f u g i n g  a t  I^^O&for f i v e  m in u t e s ,  was t e s t e d  
f o r  a c t i v i t y  a t  pH 4 .8  a s  d e s c r i b e d  a b o v e .  The r e s u l t s  a r e  shown i n  
f i g u r e  5^- T h is  shows t h a t  p r e c i p i t a t i o n  i s  v i r t u a l l y  comple te  
be tween  pH 2 .0  and b u t  t h a t  th e  enzyme i s  d e n a t u r e d  i f  a l lo w e d
t o  s t a n d  below pH 4 . 0 .  The e f f e c t  o f  v a r i o u s  a l k a l i n e  b u f f e r s  on 
p r e c i p i t a t i o n  i s  shown i n  T ab le  $6 .
Table  5^
RESIDUAL P> -GLUCOSIDASE ACTIVITY AS % CONTROL AFTER
PRECIPITATION WITH TANNIC ACID AT DIFFERENT pH.
pH
B u f f e r 6 7 8 9
T r i s - m a l e a t e 0 , p p t . 0 , p p t . 41 , p p t . —
Ammediol - - 75 59
B a r b i t u r a t e - 0 , p p t . 5 8 , p p t . 60
C i t r a t e 0 , p p t . - - -
P h o sp h a te 0 , p p t . 0 , p p t . 1 1 , p p t . -
The e f f e c t  o f  i o n i c  s t r e n g t h  on th e  p r e c i p i t a t i o n  
u s i n g  p h o s p h a te  a t  pH 7*0 i s  shown i n  F i g u r e  5^ .  Here i t  can be 
seen  t h a t  w i t h  b u f f e r s  below 0.1M ( I  = 0 .2 2 2 )  p r e c i p i t a t i o n  i s  i n ­
c o m p le te ,  a s  judged  by th e  a c t i v i t y  a p p e a r i n g  i n  t h e  s u p e r n a t a n t ,  
b u t  even i n  v e ry  d i l u t e  b u f f e r s  where na p r e c i p i t a t i o n  o c c u r s  th e  
a c t i v i t y  i s  o n ly  42^ o f  th e  c o n t r o l ;  t h i s  i s  i n  c o n t r a s t  w i t h  th e  
a c t i v i t y  o f  th e  r e - s u s p e n d e d  p r e c i p i t a t e  ( 60% of  th e  c o n t r o l  Vide 
i n f r a ) and  i s  p re su m ab ly  due to  th e  e x c e s s  o f  t a n n i c  a c i d  p r e s e n t .
The amount o f  t a n n i c  a c i d  r e q u i r e d  to  c o m p le t e ly  
p r e c i p i t a t e  the  enzyme was d e te r m in e d  by a d d in g  i n c r e m e n t a l  amounts  
o f  t a n n i c  a c i d  to  th e  enzyme i n  p h o s p h a t e  b u f f e r  (O.IM pH 7 -0 )  and 
d e t e r m i n i n g  th e  a c t i v i t y  o f  th e  s u p e r n a t a n t  a s  b e f o r e .  I t  was found 
u n de r  t h e s e  c o n d i t i o n s  t h a t  1 mg o f  A - g l u c o s i d a s e  was c o m p le t e ly1 o I* *3
p r e c i p i t a t e d  by 0 .7 5  mg t a n n i c  a c i ^ .  F i g u r e  5 • T h is  compares w e l l  
w i t h  th e  r e s u l t s  o b t a i n e d  by Swain ( 196I u n p u b l i s h e d )  who d e t e r ­
mined th e  amount o f  t a n n i c  a c i d  s p e c t r o p h o t o m e t r i c a l l y  i n  th e  
s u p e r n a t a n t  i n  a s i m i l a r  e x p e r im e n t .  He showed t h a t  46cy^g o f  t a n n i c  
a c i d  was bound to  each  Img of  ( ^ g l u c o s i d a s e , b u t  t h a t  i n  o r d e r  to  * 
o b t a i n  t h i s  maximum b i n d i n g ,  700^ g t a n n i c  a c i d  was r e q u i r e d  p e r  mg 
p r o t e i n .
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As a result of these experiments it was decided to carry 
out the precipitation in 0.1M phosphate buffer at pH 7.0. It was 
thought that these conditions where precipitation was complete but where 
slight changes in the pH, concentration or type of buffer would lead 
to dissociation were the most suitable for producing a complex for a 
comparative study of the effect of reactivating agents. For the study 
of reactivation, however, pH 6.0 was chosen since under these con­
ditions, any slight change in pH on addition of reactivating 
reagents would have a minimal effect per se.
(iv) Details of complex preparation.
An equal volume of/3-glucosidase (2mg/ml) in 0.1m 
phosphate buffer pH 7.0 was added to tannic acid solution (2mg/ml) in 
the same buffer. (1 am indebted to Dr. T. White for a gift of chroma- 
graphically pure tannic acid). The resulting solution was allowed to 
stand for half an hour, and the precipitate collected by centrifuging 
at 15^0%G for five minutes. The supernatant liquid was discarded (it 
was shown to contain no activity) and the precipitate washed with 0.U4 
tris buffer pH 6.0, and recentrifuged. The supernatant liquid was 
again discarded and the precipitate resuspended in O.IM tris buffer at 
pH 6.0 at a concentration of Img/ml protein.with regard to the 
original enzyme. A fresh suspension of the ^ -glucosidase-tannic acid 
precipitate was prepared for each experiment.
(v) Properties of the Complex.
When the procedure described above was followed, it was 
found that the insoluble tannic acid-enzyme complex itself had about G0% of 
the original activity when treated as a suspension. A determination of the 
Michaelis constant (K^ ) using the enzyme alone and the enzyme tannic acid- 
complex gave the same value for K^, namely 2.22 x 10”  ^*M.
This demonstrated that the inhibition is non-competitive.
The constants were determined from the plot of 1 
against 1/y and confirmed from the plot S against S/y. These two 
plots eliminate irregularities at high and low substrate concentrations 
respectively. These plots are shown in Figure 5^ together with the 
plot of velocity (V) against substrate concentration (S).
So^
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Table 5?
THE REACTIVATION OF THE ft’ -GLUCOSIDASE-TANNIC ACID 
COMPLEX WITH SIMPLE MOLECULES.
Compound Activity recovered as % of the control
Boric acid 0. IM 53
Caffeine 0.01M 6
Urea 0.1M 2
(b) Detergents:
These compounds can be divided into three types.
nonionic, anionic and cationic. The detergents used are shown in
Table 5^ together with their chemical names and molecular weights.
Table 5^
NAME AND MOLECULAR ITEIGHT OF THE 
USED FOR REACTIVATION.
TRADE NAME, CHEMICAL 
DETERGENTS
Trade name Type Chemical name • " / M.W.
Ethylan B.C.P.* non­
ionic
Nonyl phenyl ether of poly­
ethylene glycol, (n=9 )
616
Lissapoi N° fi Isooctyl phenyl ether of 
polyethylene glycol (n=1 0)
6 4 6
Tween 80 II Dipolyethylene glycol ether 
of sorbitan monooleate (n=2 )
6 o 4
Tergitol 08 anionic Sodium 2-ethyl hexyl sulphate 2 1 0 +
I t Sodium dodecyl sulphate 266+
Manoxol OT 
Cetavlon®
11
cationic
Sodium salt of di (2 ethyl 
hexyl) su^niate sulphonic acid
Cetyl'trimethyl ammonium 
bromide
4 2 2 +
364
n = number of units of monomer in the chain, 
X  kindly supplied by Lankro Chemicals, 
o kindly supplied by I.C.I.
+ as free acid.
8 IA
FIGURE 5
R e a c t i v a t i o n  of  p - g l u c o s i d a s e  from t a n n i c  a c i d  p r e c i p i t a t e s
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It was found that only non-ionic and cationic 
detergents were effective. The effect of Ethylan B.C.P., Lissapoi N 
and Tween 80 at different dilutions are shown in Figure and com­
pared with various polyethylene glycols (PEG). Cetavlon at 1% w/v 
completely restored the enzyme activity. The anionic detergents, 
Manoxol and sodium dodecyl sulphate were inactive.
(c) High Polymers
A number of polymeric compounds were tested, these will 
be dealt with separately as their only similarity is a high molecular 
weight.
A. Polyvinyl pyrollidone (PVP.)
PVP is a protein like polymer which has a structure 
similar to gelatin. Jones and Hulnie (I9 6I) used P^ /P to remove the 
inhibition caused by tannins present in the mitochondrial fraction 
isolated from the epidermis of the apple. Both "Kollidon 17” and 
"Kollidon biologically tested" (Commercial samples from Badische 
Anilin Soda Fabrik) with molecular weights of 11,000 and 251000 
respectively were used and no difference could be detected between 
these two. A 1% w/v solution completely restores the enzyme
activity. The results of using different dilutions of PVP are shown
in Figure 5^ *
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B. Polyethylene glycol (PEG) (ex Union Carbide).
A range of PEGs with increasing molecular weights were 
used. The molecular weights were as follows, 200, 400, 1000, 4000 
and 20,000 (20 M). The small molecules up to MW 1000 were inactive 
in restoring the enzyme activity. The results are shown in Figure 5^ - 
The failure of the low molecular weight PEG polymers to reactivate 
the complex is in contrast with the non-ionic detergents tested in 
Table 5^ , all of which contain a short polyethylene glycol. The 
concentration curves for the active PEG types are shown in Figure 5^ 
and it appears as though their action is different from that of the 
detergents. Biale and Young (I9 6I) found that PEG was effective in 
reversing the inhibition caused by leuco-anthocyanins on aldolase in 
the unripe banana.
C. Polyvinyl alcohol PVA (ex British Oxygen Company).
Only 17% of the activity was recovered using this 
reagent at 1% w/v.
D. Substituted celluloses (ex. I.C.I.).
A range of methyl celluloses, (Methofas M), methyl 
ethyl cellulose (Cellofas A) and Sodium carboxymethyl cellulose 
(Cellofas B) were examined. The results are shown in Table 5^ » As 
with the detergents (Table 5^) the anionic reagent'^was without effect.
Table 5^
THE EFFECT OF VARIOUS SUBSTITUTED CELLULOSES ON 
REACTIVATING A -GLUCOSIDASE TANNIC ACID COMPLEX.
REAGENTS AT 0.3% w/v.
Reagent Activity recovered in the supernatant
Methofas 4^0 80
Methofas 4^00 84
Methofas 20M 82
Cellofas A 55
Cellofas B 3500 0
m4. DISCUSSION OF THE RESULTS
It has been demonstrated that pH, ionic strength, and 
the concentration of both the protein and the tannic acid are 
important in the formation of a & -glucosidase tannic acid complex 
and consequent inhibition of the enzyme. This inhibition has been 
shown to be non-competitive. The fact that the precipitate itself 
is active is interesting and indicates that total inhibition of 
enzymes by tannins may not take place directly,but is due to 
further (oxidative ?) changes in the complex during "aging". The 
effect of the different reactivation agents strongly'suggests that 
the protein and tannin are joined only by hydrogen bonds. These 
could be broken by pH, by changing the fine structure of the tannin 
(as with borate), or by competition with other polymers with a 
higher affinity than /^-glucosidase for the tannin (e.g. PVP). The 
reason for the differences in the effect of the various detergents is 
not clear since they all can act as H-bond breakers in other systems 
(e.g. activation of latent phenolases of beans, Kenten 1958). The 
inactivity of the anionic detergents may of course be due to 
localised changes in pH which render the precipitate more stable.
5. OTHER ENZYMES
As mentioned earlier the inhibition of a number of 
enzymes was examined in a preliminary manner using both tannic acid 
and a fraction of condensed tannins from Wattle. (I am indebted 
to Dr. T. Swain for the preparation of this tannin).
The enzymes and the methods used for assaying their 
activity are listed in Table 5^^ together with the concentration 
of tannin used to obtain complete precipitation.
8$
Table 5^^
TESTING OF ENZYME TANNIN COMPLEXES
Enzyme Method of assay Ratio of protein 
Wattle
to tannin in mg/ml 
Tannic acid
^Anthocyanase /^-glucosidase 
Chapter 5
No precipitate No precipitate
Alcohol dehy­
drogenase (ADH)
Packer (1950) 0 .2/0.4 0 .2/0.4
Lactic dehydro­
genase (LDH)
Packer (1952) 50/\;L/l . 0 50AI-/I . 0
Catalase Beers and Sizer
(1 9 5 2)
0.4/1. 0 0 .4/1.0
Peroxidase Worthington Bio- 
chem. Manual 
No. 11 (1 9 6 1)
0 .1/2 . 0 0 .1/1 . 0
^Crude enzyme preparation (f^-glucosidase) from Aspergillus 
spp. (ex. Rohm and Haas Co.).
(i) Method for obtaining the protein tannin precipitate
The complex was precipitated in polythene vials in
0 .5ml of solution in 0.1M phosphate buffer pH 7.0. The quantities 
of the reagents are summarised in Table 5^0. The tannin and enzyme 
were left for half an hour. The precipitate was obtained by 
centrifuging for 2 minutes at 20,000 and discarding the supernatant.
0 . 5  ml of the reactivating agents in 0.1 M tris pH 6.0 was added, 
and left for an hour and a half. The supernatant was tested for 
activity after centrifuging at 20,000 for 2 minutes.
'I i
The results are summarised in Table . ' 5 •
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Table 5^  ^
REACTIVATION OF ENZYME TANNIC ACID COMPLEXES 
Results as percentage control
Enzyme Suspen-  0.1M 
s io n  Bora te
0.1M
C a f fe in e
(400)
8$6Vv
PVP
1%w/v
PVA
1 ^^/v
He.
C e l l u ­
lo s e
25^ 0 %
L is a p o l
100
ADH 71 31 65 0 * 94 34 0 -
LDH 0 0 2 3 65 6 66 -
P e r o x i ­dase 59 14 27 29 23 :3 3 42 31
C a t a l ­a se 58 0 24 19 79 26 0 -
REACTIVATION OF ENZYi-IE VJATTLE TANNIN COMPLEXES
ADH 24 0 30 o ' 33 24 0 24
LDH 0 0 34 25 10 “ — -
P e r o x i ­dase 50 6 5 33 30 36 3 44
C a t a l ­a se 20 2 2 24 31 - - -
inhibits the enzyme. o kindly supplied by British Oxygen.
It can be seen from these results that as with nsc AI
■V
(^ “glucosidase the enzyme tannin precipitates (with the exception of ^
lactic dehydrogenase) are active. In this case borate was found to t
be less effective as a reactivating reagent, and there were differences
in the behaviour of the various polymers. The most important 
finding, however, is that the condensed-tannins appear to give more 
"stable" precipitates than the hydrolysable tannins, and in no case 
could more than half the activity be regained on reactivation. The 
differences in inhibition and reactivation of the various- enzymes 
are also noteworthy and presumably result from differences in the 
fine structure of the protein. Although more work requires to be
'^7
done, these results give promise that the methods could be 
useful in determining changes in astrigency in ripening of fruits. 
The reactivating agents used to split the tannin protein complex 
may well be useful in extracting tannins from plant tissue^ as a 
means of fractionation, or as a means of protecting enzymes from 
inhibition by tannins.
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Summary to  Chapter 5
1. The inhibition of (3 -glucosidase by tannic acid has been
studied, and the formation of an insoluble complex has been 
shown to be dependent on pH, ionic strength and concentration 
of the reagents.
2. This inhibition has been shown to be non-competitive, and
surprisingly the insoluble complex contains over G0% of the 
original activity.
3 . A number of reagents have been used to reactivate the enzyme;
these can be divided into three groups, simple molecules, 
detergents and polymers. Compounds in class 1 are not 
very effective, and the activity of compounds in class 3 
increases with increasing molecular weight. All the deter­
gents tested were found to work except the anionic group.
4 .  A number of  o t h e r  enzymes have been examined w i th  b o th  t a n n i c
a c i d  and a condensed t a n n i n  and i t  i s  su g g e s te d  t h a t  the  
measurement o f  the  degree  of  i n h i b i t i o n  and r e a c t i v a t i o n  
c o u ld  be used  a s  a measure of  a s t r i n g e n c y  i n  f r u i t  e x t r a c t s .
C hapter 6 .
F a c to r s  a f f e c t i n g  th e  p r o d u c t io n  of  
t a n n in s  by p l a n t  t i s s u e  c u l t u r e s .
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Chapter 6
F a c to r s  a f f e c t i n g  the  P ro d u c t io n  o f  Leuco-A nthocyanins in  
Sycamore (Acer PseudoplaJitanus Lo) Cambial C e l l  C u l tu re s
1. INTRODUCTION
Lamport ( 196I ) , in  a d o c to r a l  t h e s i s  su b m itted  to  th e  
U n iv e r s i ty  of Cambridge, s t a t e d  t h a t  he found compounds p r e s e n t  in  
th e  e th a n o l i c  e x t r a c t  from sycamore cam bial c e l l  c u l t u r e s ,  w hich 
abso rbed  s t r o n g ly  in  th e  u l t r a - v i o l e t  a t  280 m /Cc . Swain ( 1961) 
i d e n t i f i e d  th e se  compounds a s  le u c o -a n th o c y a n in s  and showed t h a t  
by t r e a tm e n t  w i th  h o t  m in e ra l  a c id  th e y  y ie ld e d  c y a n id in  (se e  
C hapter l ) . T h is  i s  no t the f i r s t  time t h a t  le u c o -a n th o c y a n in s  
have been d em o ns tra ted  in  t i s s u e  c u l t u r e  e x t r a c t s  s in c e  the  F ren ch  
w o rk e rs  C ronenberger, V a l l e t ,  N e t ie r  and M entzer ( l955 )  showed th e  
p re se n c e  o f  le u c o - c y a n id in  and a t r a c e  of l e u c o - d e lp h in id in  in  
V i r g i n i a  c re e p e r  t i s s u e .
Swain and T jh io  (u n p u b lish ed  work, 19^1) found t h a t  
when sycamore t i s s u e  was grown as  a c e l l  su sp e n s io n ,  i t  produced 
b o th  lOO^ b m ethanol and 50)( m ethanol s o lu b le  le u c o -a n th o c y a n in s ,  
d e m o n s tra t in g  th e  p re se n c e  o f  monomeric and po ly m eric  su b s ta n c e s .  
They t h e r e f o r e  d e c id ed  to  use  t h i s  t i s s u e  f o r  b i o s y n t h e t i c  s t u d i e s  
on th e  f a c t o r s  a f f e c t i n g  bo th  s y n th e s i s  o f  the  monomers and p o ly ­
m e r i s a t i o n  of th e s e  compounds. U n f o r tu n a te ly ,  th ey  found  t h a t  the  
c o n c e n t r a t io n  of le u c o -a n th o c y a n in s  in  th e  t i s s u e  v a r i e d  in  an 
u n p r e d ic ta b le  manner. Thus in  one experim ent a number o f  c u l t u r e s  
were e s t a b l i s h e d  and h a rv e s te d  a t  10, 20, 30, 40, 50 days a f t e r  
i n o c u la t i o n  and a n a ly sed  f o r  t a n n in s  a s  shown in  Table 6^ .
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Table 6
The Change in  T annins on Aging in  Sycamore Suspension  
T issu e  from Swain and T jh io
Age of 
T issu e  
in  Days
E x t r a c t io n  
$ Methanol
P o l i n -
Denis V a n i l l i n
Leuco- 
A nthocyanin
R a tio
V/lA
1 0 100 30 25 14 1 .8J. V 50 3 2 0 oo
100 28 13 24 0 .55cXj 50 3 3 8 0.37
100 19 9 19 0.47
50 8 4 3 1 .3
A r\ 100 16 8 18 0 .4540 50 4 3 4 0 .75
RO 100 14 7 11 0 .6 3
50 3 2 2 1 .0
F o l in -D e n is  a s  mg c a te c h in  p e r  g , d ry  w eigh t 
V a n i l l i n  a s  mg c a te c h in  p e r  g , d ry  w e igh t
L eu co -an th o cy an in s  as  mg cacao le u c o -a n th o c y a n in  p e r  g . d ry  w e ig h t
I t  can be seen  t h a t  w hereas  the  P o l in -D e n is  and v a n i l l i n  
r e a c t i n g  p h e n o ls  f a l l  p r o g r e s s i v e l y ,  th e  le u c o -a n th o c y a n in s  f i r s t  
in c r e a s e  and th e n  f a l l ,  the v a r i a t i o n s  in  th e  r a t i o  o f  v a n i l l i n /  
le u c o -a n th o c y a n in  showing anomalous p o ly m e r is a t io n  b e h a v io u r .
R e p e t i t i o n  of t h i s  experim ent gave co m ple te ly  d i f f e r e n t  r e s u l t s  ( e . g .  
a t  40 d ay s , th e  v a lu e s  in  th e  100^ m ethanol e x t r a c t  were 6 , 14 and 
8 r e s p e c t i v e l y  f o r  P o l in - D e n is ,  v a n i l l i n  and le u c o - a n th o c y a n in s ) .
I t  was t h e r e f o r e  d ec id ed  to i n v e s t i g a t e  t h i s  phenomena 
to  see. i f  some r e a s o n s  f o r  t h i s  v a r i a t i o n  could  be foun d . I t  was hoped 
t h a t  one cou ld  th e re b y  tak e  advantage  o f  s tu d y in g  th e  b i o s y n t h e s i s  of 
t a n n in s  in  t i s s u e  c u l t u r e  in  w hich  th e  m a te r i a l  i s  un ifo rm  and over which 
one could  e x e r t  some degree  o f  en v iron m en ta l  c o n t r o l .  A lso , a s  th e  
c e l l s ,  when r a p i d l y  grow ing, have a mean g e n e ra t io n  tim e o f  th r e e  d a y s ,
t h i s  g iv e s  a more s a t i s f a c t o r y  system th a n  a se a so n a l  crop l i k e  f r u i t .
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2. METHODS USED FOR GROWING THE TISSUE CUL'TURE 
( a) Medium
The medium was based  on White ( l9 5 5 )  w i th  th e  a d d i t i o n  
o f  coconut m ilk  and 2 ,4-& ichIorophenoxy  a c e t i c  a c id .  Pour s to c k  
s o l u t io n s  c o n ta in in g  in o rg a n ic  and o rg an ic  s a l t  s o l u t io n s  were made 
up a s  fo l lo w s :
S o lu t io n  A
In o rg a n ic  n u t r i e n t s  P in a l  c o n c e n t r a t io n  in  m g/l
CaNO^ 200
MgSO^.TEgO 360
m  65
EagSO^ 80
MnS0^.4Sg0 200
ZnSO^.TSgO 4 .5
H^BO^ 1.5
KI 0 .75
S o lu t io n  B f i n a l  c o n c e n t r a t io n  in  NaH2P0^ . 2S20 10 .5  m g/l
S o lu t io n  C > 62 ( 304)3  ■ 3^5 m g/l
S o lu t io n  D
O rganic  n u t r i e n t s  m g/l
G lyc ine  3
Ca D -p a n to th e n a te  0 .1  
Thiamine 0 .1
C y s tin e  1 .0
Stock  s o l u t i o n s  o f  A (10 x f i n a l  d i l u t i o n ) ,  B, G and D 
(100  X f i n a l  d i l u t i o n )  were d i l u t e d ,  u s in g  d e - io n i s e d  w a te r  and made up 
to  c o n ta in  2fo w /v su c ro se  2 .5  m g/l 274—üich lo rop henox y  a c e t i c  a c id  
( s te w a rd  and C a p lin ,  1951), and 20^  coconut m ilk  w hich  had been 
s t e r i l i z e d  and d e p r o t e in i s e d  by h e a t  t r e a tm e n t .  The medium was made 
up f r e s h l y  a s  r e q u i r e d ,  and 1% a g a r  was added f o r  growth of the  c a l l u s
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t i s s u e  on s lo p e s .  A ll  a p p a ra tu s  and m edia were s t e r i l i s e d  in  the 
normal m ic ro b io lo g ic a l  manner.
(b) Method f o r  growing th e  c e l l  su sp en s io n  t i s s u e
The c e l l  su sp en s io n  t i s s u e  was grown a t  25°C in  1 1. 
P ernbach  f l a s k s  c o n ta in in g  200 ml media and p lugged w i th  c o t to n  w ool. 
The f l a s k s  were p la c e d  on a ro ck in g  type sh a k e r .  O r i g i n a l l y ,  the  
c e l l  su sp en s io n s  were produced by add ing  a p p ro x im a te ly  1 .5  g» o f 
c a l l u s  t i s s u e  ( l  am in d e b te d  to Dr. D.H. N o rth co te  f o r  th e  o r i g i n a l  
i s o l a t e ) ,  and once i t  was e s t a b l i s h e d  (30 d a y s ) ,  10 m l. a l i q u o t s  were 
removed w ith  a p i p e t t e  and used  to  r e i n o c u la t e  f r e s h  media» The 
amount o f  t i s s u e  t r a n s f e r r e d  was de te rm ined  by c e n t r i f u g i n g  a n o th e r  ' 
a l i q u o t  i n  a g ra d u a te d  tube  f o r  f i v e  m in u te s  a t  1500 ^ and m easuring  
the packed c e l l  volume (PGV).
( c) Method f o r  growing th e  c a l l u s  t i s s u e
The c a l l u s  t i s s u e  was grown on s lo p e s  ( 7 m is) in  1 o z .  
screw top  McCartney b o t t l e s  in  the  d a rk  a t  25°G. A pproxim ately  20 mg. 
was u sed  a s  th e  inoculum .
(d) Method o f  E x t r a c t io n
Since the sycamore t i s s u e  c o n ta in s  about 92-95^ w a te r ,  
th e  r e s u l t s  were e x p re ssed  on f r e s h  w e igh t o r  volume (PCV) b a s i s .
The c e l l s  from the su sp en s io n  c u l t u r e s  a f t e r  d e te rm in a t io n  of th e  
PCV were w e l l  washed w i th  d i s t i l l e d  w a te r  and e x t r a c t e d  w i th  
m e th an o l.  The c a l l u s  t i s s u e  was b l o t t e d  on f i l t e r  paper  and 
weighed d i r e c t l y  in to  m eth an o l.  The t i s s u e  was u s u a l ly  e x t r a c t e d  
th r e e  t im e s  w i th  80^  m ethano l,  in  a s i m i l a r  way to  t h a t  d e s c r ib e d  
in  C hap te r  4- I n  some ex p er im en ts  th e  c a l l u s  t i s s u e  was t r e a t e d  
d i r e c t l y  w i th  the b u ta n o l - h y d r o c h lo r i c  a c id  r e a g e n t  ( c f .  H i l l i s  
and Swain, 1959).
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PHOTO MICROGRAPHS OF SYCAMORE CELL TISSUE CULTURES.
Taken w i th  L e i t z  Panophot equ ip m en t,  w i th  a r c ' - l a m p  i l l u m i n a t i o n ,  
u s in g  a g reen  f i l t e r ,  b r i g h t  f i e l d  i l l u m i n a t i o n  , 4mm a c h ro m a tic  
o b j e c t i v e  and x 8 e y e p ie c e .  I l f o r d  Pan F 35mm f i lm ;  m a g n i f i c a t io n  
on th e  n e g a t iv e  o f  x 680 .
FIGURE 6
Sycamore c e l l  su s p e n s io n  t i s s u e .  c e l l s  u n s ta in e d
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FIGURE S'- '
Sycamore c e l l  s u s p e n s io n  t i s s u e ,  c e l l s  s t a i n e d  w i th  i o d i n e .
FIGURE 6^
Sycamore c e l l  s u s p e n s io n  t i s s u e ,  c e l l s  u n s t a in e d .
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FIGURE 6
Sycamore c a l l u s  t i s s u e ,  c e l l s  u n s t a in e d .
%rm
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(e)  General o b s e rv a t io n s  on growth
The growth of the c e l l  su sp en s io n  t i s s u e  f o l lo w s  a 
g e n e ra l  cu rve  o f  an e x p o n e n t ia l  type  (Lamport, I 96I ) .  A c t iv e ly  
growing sycamore c e l l s  a re  w h i te  in  app earance  b u t ,  on a g in g ,  tu r n  
brown and f i n a l l y  d i e .  The a c tu a l  anatomy of th e  c e l l s  v a r i e s  w i th  
t h e i r  p h y s io lo g ic a l  ag e . "Young" c e l l s  a re  5O -I5OybUlong, b o th  
s p h e r i c a l  and lo n g -o v a l  c e l l s  be ing  p r e s e n t .  The c e l l s  a re  h ig h ly  
v a c u o la te d ,  the n u c le u s  b e in g  p r e s e n t  n e a r  th e  edge o f  t h e . c e l l s  o r  
sometimes in  the  c e n t r e  connected  to  th e  cytoplasm  by numerous 
cy top lasm ic  s t r a n d s .  The c e l l  w a l l  i s  t h i n  and th e r e  a re  numerous 
s t a r c h  g r a in s  p r e s e n t .  In  the  o ld e r  c u l t u r e s  th e r e  a re  few er 
s p h e r i c a l  c e l l s  and more o f  th e  lo n g -o v a l  c e l l s .  There a re  s t a r c h  
g r a i n s  and the c e l l  w a l l  a p p ea rs  to be t h i c k e r .  I t  was a lm ost 
im p o ss ib le  to s t a i n  th e  n u c le u s  u s in g  e i t h e r  a c e to -c a rm in e  o r  FQelgen 
s t a i n s .  F ig u re s  6^ , 6^ , 6^ and 6^ show pho tom ic ro g rap hs of a 
s e l e c t i o n  of a c t i v e l y  d iv id in g  c e l l s  tak en  b o th  from c a l l u s  t i s s u e  
and from c e l l  su sp en s io n  t i s s u e .
( f ) D e s c r ip t io n  o f  Experim ents
( i )  E xperim ents  to t e s t  the  e f f e c t  o f  " s t r a i n "  on le u c o -  
a n th o cy an in  p ro d u c t io n .
From two o r i g i n a l  c a l l u s e s ,  a number of s u b - c u l tu r e s  
were made. One l i n e  was e s t a b l i s h e d  a s  a c e l l  su sp en s io n  c u l t u r e ,  
the o th e r  a s  a c a l l u s  t i s s u e  c u l t u r e . In  the  case  o f  the  c e l l -  
su sp e n s io n ,  bo th  a h ig h  and a low le u c o -a n th o c y a n in  c o n ta in in g  " s t r a in ^ "  
were s e l e c t e d ,  and the  change in  c o n c e n t r a t io n  of le u c o -a n th o c y a n in s  
d e te rm ined  th rough  f i v e  s u b - c u l tu r e s  (20-25 g e n e r a t io n s  o f  c e l l s .
F ig u re  6 ^ ) ,  The c e l l s  were always h a rv e s te d  w h ile  th ey  were s t i l l  
in  th e  e x p o n e n t ia l  phase  o f  g row th , about 12-15  days a f t e r  in o c u l ­
a t i o n ,  c e l l s  grown in  s ix  d i f f e r e n t  f l a s k s  b e in g  e x t r a c t e d  from both  
high  and low " s t r a i n s "  each t im e , two sam ples b e in g  ta k e n  from each 
f l a s k »  A f te r  the  f i f t h  r e - i n o c u l a t i o n ,  t h a t  i s  about 20-25 g e n e ra ­
t i o n s ,  the  h igh  and low l i n e  were s t i l l  d i s t i n c t .  F ig u re  6^^ In  
th e  c a l lu s  t i s s u e ,  an o r i g i n a l  h igh  and low " s t r a i n "  were a g a in  
s e l e c te d  and th e se  were grown th ro ugh  th r e e  s u b - c u l tu r e s .  Twelve
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c a l l u s e s  were s e l e c te d  f o r  th e  a n a l y s i s  o f  each s t r a i n  and the 
a n a ly s e s  were done in  d u p l i c a t e .  In  t h i s  c a se ,  th e  h igh  and low 
le u c o -a n th o c y a n in  c o n ta in in g  " s t r a i n s "  came to  e q u a l i t y  a f t e r  on ly  
3 s u h - c u l tu r e s .  I t  seems, t h e r e f o r e ,  t h a t  th e  c a l l u s  t i s s u e  i s  
no t a s  "b io c h e m ic a l ly "  s t a b le  a s  c e l l  su sp en s io n  t i s s u e ,  and pe rh ap s  
d i f f e r e n t i a t e s  more e a s i l y .  This i s  shown by th e  v a r i a t i o n  in  th e  
l e v e l  o f  le u c o -a n th o c y a n in  f o r  s e p a r a te  p ie c e s  o f th e  same c a l lu s  
(Tatile 6 ^ ) .
Table 6^
L euco-A nthocyanins a s  mg cacao le u c o -a n th o c y a n in  
p e r  10 g . f r e s h  w eigh t from tv;o s e p a ra te  c a l l u s e s
( 1) ( 2)
90 36
42 50
34 21
28 30
74 56
55 58
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FIGURE 6^
The number o f c e l l  g e n e r a t i o n s  i n  h ig h  and low l e u c o - a n th o c y a n in  
c o n ta in i n g  " s t r a i n s "  i n  sycamore su s p e n s io n  t i s s u e  on each  
s u b - c u l t u r e .
—norm al a e r a t i o n ,   r e s t r i c t e d  a e r a t i o n ,  +  h ig h  " s t r a i n " ,
• low " s t r a i n " .
§
sEH
I
6
t-
4
3
2
1
n o . o f  s u b - c u l t u r e s .
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FIGURE 6
The e f f e c t  o f  " s t r a i n ” and r e s t r i c t e d  a e r a t i o n  on th e  p ro d u c t io n  o f  
l e u c o -a n th o c y a n in s  i n  sycamore t i s s u e  c u l t u r e ,
f
( c e l l  su s p e n s io n  t i s s u e  th e  r e s u l t s  a r e  th e  mean o f  6 f l a s k s  p e r  " s t r a i n "  
and 24 a n a l y s i s  e a c h .  C a l lu s  t i s s u e ,  th e  r e s u l t s  a r e  th e  mean o f  12 
c a l l u s e s  p e r  s t r a i n  and 24 a n a l y s i s . )
  norm al a e r a t i o n .
—  r e s t r i c t e d  a e r a t i o n
S u sp en s io n
20
10
+—
C a llu s40 ■
3 0 .
s
20 .
10  ■
No o f  Bttbc n l t iy e s
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( i i )  Experiment to t e s t  the e f f e c t  of r e s t r i c t e d  a e r a t i o n  
on leu co ^an th ocyan in  p ro d u c t io n .
I t  was n o t ic e d  th a t  c e l l s  which had heen grown in  a 
r o t a t i n g  5 1- f l a ^  (hy K.H. T jh io )  in  which in g r e s s  o f  a i r  may have 
heen l i m i t i n g  c o n ta in e d  s u r p r i s i n g l y  sm all amounts o f leu c o -an th o cy a n in s ,  
A r e p e t i t i o n  of t h i s  experim ent w ith  a h igh  leu c o -a n th o c y a n in  " s t r a i n "  
gave s i m i l a r  r e s u l t s *  I t  was d e c id e d ,  t h e r e f o r e ,  to  t e s t  the  e f f e c t  
of r e s t r i c t e d  a e r a t i o n  on le u c o -a n th o c y a n in  s y n th e s i s .  • C onsequen tly , 
the  to p s  of the McCartney h o t t l e s  were f i t t e d  w i th  a ru h h e r  s e a l ,  
screwed down t i g h t l y  and covered w i th  p a r a f f i n  wax t is su e ,  (p a r a - f i lm )  
and the c o t to n  wool p lu g s  o f  the Pernhach f l a s k s  were l ik e w ise  
covered w ith  p a r a f i lm .  In  h o th  c a se s  c e l l s  grown under th e s e  c o n d i t io n s  
o f  r e s t r i c t e d  a e r a t i o n  c o n ta in ed  much sm a lle r  c o n c e n t r a t io n s  of 
leu c o -a n th o c y a n in s  th a n  the  c o rre sp o n d in g  c o n t r o l s .  The r e s u l t s  of 
a t y p i c a l  experim ent a re  shown in  F ig u re  6^. V/hen the  c e l l s  from 
such experim en ts  were used  to  r e i n o c u la t e  f r e s h  media and grown w i th  
f r e e  a c c e ss  to  a i r ,  the new c e l l s  re c o v e re d  in  p a r t  the  f a c u l t y  o f 
the  o r i g i n a l  inoculum to produce le u c o -a n th o c y a n in s  showing t h a t  t h i s  
l o s s  i s  not perm anent.
( i i i )  Experiment to de te rm in e  the  e f f e c t  o f  c o n t r o l l e d  
a tm ospheres  on the  p ro d u c t io n  of le u c o -a n th o c y a n in s ,  su g a rs  and amino 
a c id s  in  c a l lu s  t i s s u e .
In  view of th e  r e s u l t s  o b ta in e d  above, i t  was o f  i n t e r e s t  
to  i n v e s t i g a t e  w he ther  the  e f f e c t  o f r e s t r i c t e d  a e r a t i o n  was due to 
low oxygen or to h igh  carbon d io x id e  c o n c e n t r a t io n s .  Three g a s - t i g h t  
b i s c u i t  t i n s  were f i t t e d  w i th  gas i n l e t  and o u t l e t  v a lv e s  and tw elve 
f r e s h l y  in o c u la te d  McCartney b o t t l e s  ( f o u r  of which were com ple te ly  
se a le d )  c o n ta in in g  sycamore c a l l u s  t i s s u e  were p la c e d  in  each t i n .
The t i n s  were f lu s h e d  out w ith  gas m ix tu re s  a s  fo l lo w s :
Tin 1 95?  ^ ^2 oxygen)
Tin 2 70^ 24^ 0^ 6fo GO^  (High carbon d io x id e )
Tin 3 A ir (T in  c o n t ro l )
C on tro l o u t s id e  ( i n  the  dark)
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The t i s s u e  was grown f o r  th r e e  weeks a t  25°C, the  gas 
b e in g  f lu s h e d  tw ice  w eek ly . The t i s s u e  from each t re a tm e n t  was b u lked  
and e x t r a c t e d  w i th  bofo m e th an o l.  L eu c o -an th o cy an in s  were e s t im a te d  
as  p r e v io u s ly ,  am in o -ac id s  were e s t im a te d  by the  method o f  Moore 
and S te in  ( l94& ), and th e  su g a rs  (a ld o h e x o se s )  were e s t im a te d  by the  
method o f  Leopold ( 1962) .  The r e s u l t s  a re  shown in  Table  6^.
Table 6^
V a r ia t io n  in  s u g a r s ,  amino a c id s  and l e u c o -  
an th o c y an in s  in  c e l l s  grown under c o n t r o l l e d
a tm ospheres
Gas m ix tu re T issu e Sugars A m ino-acids Leuco- A nthocyanins
U nsealed
S ea led
17
9
112
499
31
0
COg U nsea ledS ea led
8
12 '
69
500
7
0
A ir U nsea ledSea led
12
11
138
535
14
0
C o n tro l U nsealedS ea led
12
15
100
400
21
0
Sugars a s  mg g lu co se  )
Amino a c id s  aS/tJvI pheny l a la n in e  ) p e r  10 g .  t i s s u e
L eu co -an th o cy an in s  a s  mg cacao le u c o -c y a n id in  )
I t  can be seen from  Table 6^ t h a t ,  w hereas  th e  hexose 
su g a rs  o n ly  v a ry  f  40^, th e  amino a c i d s  v a ry  + 80^i, and th e  le u c o -  
an th o c y a n in s  va ry  even more. In  each  c a se ,  th e  le u c o -a n th o c y a n in
c o n te n t  o f  the  t i s s u e  in  the  s e a le d  b o t t l e s  h a s  f a l l e n  to z e ro ,
w hereas  th e  amino a c id  c o n te n t  h a s  in c r e a s e d  f o u r  to  f i v e - f o l d  from 
t h a t  o f  the  u n se a le d  b o t t l e s .  T h is  e f f e c t  h a s  been confirm ed  f o r  
the su sp en s ion  t i s s u e  grown in  r e s t r i c t e d  a e r a t i o n  and i s  p ro b ab ly  
due to t h e r e  b e in g  i n s u f f i c i e n t  m e ta b o l ic  energy  (ATP e t c . )  a v a i l a b l e  
to  u t i l i z e  th e  am in o -ac id s  f o r  p r o t e i n  s y n t h e s i s .  The sm all 
v a r i a t i o n  in  su g a rs  i s  i n t e r e s t i n g  and was shown a ls o  to  be the  case
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f o r  th e  h igh  and low le u o o -a n th o o y a n in  p ro d u c in g  " s t r a i n s "  grown 
in  su sp e n s io n ,  ho th  i n  normal and r e s t r i c t e d  a e r a t i o n .
From th e  v iew p o in t  o f  le u c o -a n th o c y a n in  p r o d u c t io n ,  i t  
would ap p ea r  t h a t  00^ s im u la te s  r e s t r i c t e d  a e r a t i o n  more c lo s e l y  th a n  
does low oxygen. However, th e  am in o -ac id  c o n te n t  o f  the  t i s s u e  in  
the  h ig h  carbon d io x id e  t r e a tm e n t  i s  somewhat low er th an  t h a t  o f  
the  c o n t r o l ,  w hereas  r e s t r i c t e d  a e r a t i o n  gav e , a s  m entioned  above, 
a f o u r f o ld  in c r e a s e  ( o f .  Table 6 ^ ) .  I t  i s  o b v io u s ,  t h e r e f o r e ,  t h a t  
th e  e f f e c t  o f  r e s t r i c t e d  a e r a t i o n  i s  no t due to in c r e a s e  in  carbon  
d io x id e  c o n c e n t r a t io n  a lo n e , a l th o u g h  t h i s  may be a c o n t r ib u to r y  
f a c t o r  to  th e  low ering  o f  th e  le u c o -a n th o c y a n in  c o n te n t .
( iv )  Experim ent to  de te rm ine  the  change in  l i g n i n  c o n te n t  
o f  c e l l s  w i th  age .
L ig n in  i s  an a ro m a tic  polymer c lo s e ly  r e l a t e d  b i o -  
s y n t h e t i c a l l y  to  th e  condensed t a n n i n s .  In  f a c t ,  i t  i s  based  on 
the  co n d en sa t io n  o f  u n i t s  s i m i l a r  to  th o se  o f  th e  C^(b )C^ u n i t s  
o f  the  f l a v o n o id s .  S ince l i g n i n  i s  p r e s e n t  in  a l l  woody- p l a n t s  and 
i s  tax o n o m ic a lly  a s s o c i a t e d  w i th  th e  l e u c o -a n th o c y a n in s  (C h a p te r  2 , 
B a te -S m ith  and L e rn e r ,  1954)> i t  was o f  i n t e r e s t  to  examine w h e th e r  
c o n c e n t r a t io n  v a r i e d  w i th  le u c o -a n th o c y a n in  c o n c e n t r a t io n  o f  sycamore 
t i s s u e .  An o p p o r tu n i ty  k in d ly  a f f o r d e d  by Dr. F .A . Isherwood e n ab led  
th e  a n a l y s i s  to be c a r r i e d  ou t and th e  r e s u l t s  a re  shown in  Table 6^ .
Table 6^
P e rc e n t  of L ig n in  Breakdown P ro d u c ts  in  
D ried  M ethanol E x t r a c te d  Sycamore C e l l s
^  p-hydroxy  
benza ldehyde  • ^  V a n i l l i n
High LA c e l l s  
3 weeks o ld 0 .12 0 .09
Low LA c e l l s  
3 weeks o ld 0 .1 4 0 .18
High LA c e l l s  
2 months o ld 0 .1 8 0.57
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From th e s e  r e s u l t s ,  i t  would appear t h a t  th e s e  c e l l s  do 
make l i g n i n .  As e x p e c te d ,  th e  o ld  c e l l s  c o n ta in  more l i g n i n  than  
the  young c e l l s ,  hu t s u r p r i s i n g l y  th e  low le u c o -a n th o c y a n in  c o n ta in in g  
" s t r a i n "  c o n ta in s  more than  th e  h igh  le u c o -a n th o c y a n in  " s t r a i n s " .
The amount found in  th e  o ld  c e l l s  i s  s i m i l a r  to  th e  c o n c e n t r a t io n  in  
o a t  c o l e o p t i l e s  (Dr. F .A . Isherwood p e r s o n a l  com m unication).
3. DISCUSSION
I t  has  o f t e n  heen assumed t h a t  th e  p r e c u r s o r s  o f  ta n n in s  
and l i g n i n  a re  form ed in  d i f f e r e n t  r e g io n s  o f  the  p l a n t  from t h a t  in  
w hich they  u l t i m a t e l y  a re  foun d . T h is  work d e m o n s tra te s  t h a t  in  a 
r e l a t i v e l y  u n d i f f e r e n t i a t e d  t i s s u e  a l l  th e  enzymes a re  p r e s e n t  f o r  
th e  b i o s y n t h e s i s  o f  th e s e  su b s ta n c e s  from p rim ary  m e t a b o l i t e s  and 
t h e r e  i s  no need to  su g g e s t  t h a t  t r a n s l o c a t i o n  has  to  o c c u r .
I t  has  been shown t h a t  s t r a i n  d i f f e r e n c e  ( i . e .  a g e n e t i c  
d i f f e r e n c e )  i s  im p o rtan t  in  d e te rm in in g  th e  l e v e l  o f  l e u c o -a n th o c y a n in  
p roduced  by a g iv e n  p o p u la t io n .  I t  h a s  a ls o  been dem o n s tra ted  t h a t  
in  r e s t r i c t e d  a e r a t i o n  le u c o -a n th o c y a n in s  a re  p roduced  in  much lower 
q u a n t i t i e s  o r  no t a t  a l l .  The cause o f  t h i s  b lo c k  in  l e u c o -  ’ 
a n th o c y an in  s y n th e s i s  i s  n o t  y e t  known. R e s t r i c t e d  a e r a t i o n  a ls o  
c au se s  an a ccu m u la t io n  o f  amino a c id s  in  th e  t i s s u e ,  and i t  may be 
t h a t  th e  h igh  c o n c e n t r a t io n  o f  th e s e  compounds i n h i b i t s  l e u c o -  
an th o c y an in  p r o d u c t io n ,  o r  t h a t  th e  enzymes n e c e s s a ry  f o r  some of 
the  b i o s y n t h e t i c  s t e p s  a re  no t s y n th e s i s e d ,  due to l a c k  o f  ATP.
The o th e r  s t r a n g e  f e a t u r e  o f  th e  e f f e c t  o f  r e s t r i c t e d  
a e r a t i o n  i s  t h a t  once th e  c e l l s  have l o s t  th e  f a c u l t y  to s y n th e s i s e  
l e u c o -a n th o c y a n in s ,  i t  i s  o n ly  r e g a in e d  s lo w ly ,  and a number o f  
c e l l  g e n e r a t io n s  have to  p a ss  b e fo re  le u c o -a n th o c y a n in s -  a re  produced  
a t  the  maximal r a t e .
The ex p er im en ts  d e s c r ib e d  h e re  were o f  a p r e l im in a ry  
n a tu r e  to de te rm ine  means of o b ta in in g  un iform  c e l l  c o lo n ie s  in  
o r d e r  to  examine the  b i o s y n t h e s i s  of le u c o -a n th o c y a n in s .  I t  i s  
b e l i e v e d ,  however, t h a t  th e  r e s u l t s  a re  o f  g e n e ra l  i n t e r e s t ,  and
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p o in t  to  the  need f o r  much f u r t h e r  work on f a c t o r s  i n f lu e n c in g  the  
s y n th e s i s  o f  secondary  p l a n t  p r o d u c ts .
The r e s u l t s  su g g es t  t h a t  f r e e  a c c e s s  o f  a i r  may he 
one o f  th e  prime r a t e - c o n t r o l l i n g  p r o c e s s e s  i n  th e  fo rm a t io n  o f  
le u c o -a n th o c y a n in s  in  woody t i s s u e s .  However, th e  d i f f e r e n c e s  in  
the  f a c u l t y  to  s y n th e s iz e  th e s e  compounds in  " s t r a i n s "  grown in  
shaken c u l tu r e  i n d i c a t e s  t h a t  o th e r  f a c t o r s  o f  im portance  e x i s t .
The r e s u l t s  a ls o  s t r e s s  t h a t  th e  b i o s y n t h e s i s  o f  p l a n t  secondary  
su b s ta n c e s  i s  more s u s c e p t ib l e  th a n  t h a t  o f  p rim ary  m e ta b o l i t e s  
to changes in  env ironm ent. T h is  i s  e s p e c i a l l y  im p o r ta n t  in  c o n n e c t io n  
w i th  any i n v e s t i g a t i o n  c a r r i e d  ou t on t i s s u e  c u l t u r e  o r whole p l a n t s ,  
which c o n ta in  l e u c o -a n th o c y a n in s .  These compounds have been shown 
to i n h i b i t  enzymes (C hap te r  5) and a re  adso rbed  on to  c e l l  w a l l s  and 
p a r t i c u l a t e  f r a c t i o n s  (Jo n e s  and H u lne , I 961) .  Thus o b s e r v a t io n  of 
d i f f e r e n c e s  in  enzymic a c t i v i t y  and the  l i k e  in  such c a se s  m i ^ t  
o n ly  be a r e f l e c t i o n  o f  changes in  the  le u c o -a n th o c y a n in  c o n te n t .
-  THE END -
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Summary to  C hapter 6
1. The s y n th e s i s  o f  le u c o -a n th o c y a n in s  in  sycamore cam bial 
c e l l  t i s s u e  c u l t u r e  has  been i n v e s t i g a t e d  and " s t r a i n "  
d i f f e r e n c e s  have been shown to  be im p o rtan t  in  c e l l  
su sp en s io n  t i s s u e .
2 . R e s t r i c t e d  a e r a t i o n  has been shown to  cause a r e d u c t io n  
in  c o n c e n t r a t io n  o f  le u c o -a n th o c y a n in s  in  b o th  c a l lu s  
and c e l l  su sp e n s io n  t i s s u e .  The re a s o n s  f o r  t h i s  e f f e c t  
a re  not y e t  known. I t  may be due to  t h e r e  b e in g  
i n s u f f i c i e n t  m e ta b o l ic  energy  a v a i l a b l e  to  c a r ry  out 
p r o t e i n  s y n t h e s i s ,  hence th e  enzymes r e s p o n s ib le  f o r  th e  
p ro d u c t io n  o f  le u c o -a n th o c y a n in s  have n o t been s y n th e s is e d
3. The e f f e c t  o f  r e s t r i c t e d  a e r a t i o n  i s  no t due to  low
oxygen, b u t  h igh  ca rbon  d io x id e  may a f f e c t  th e  s y n th e s i s  
o f  le u c o -a n th o c y a n in s  a l th o u g h  i t  shows a d i f f e r e n t  
e f f e c t  from r e s t r i c t e d  a e r a t i o n  in  th e  accum ^u la tion  of 
f r e e  amino a c id .
4 . L ig n in  i s  s y n th e s i s e d  by sycamore cam bial t i s s u e  c u l t u r e s
and i s  p roduced  in  l a r g e r  amounts in  th e  o ld e r  t i s s u e .
-oOo-
. ' ■ ■  '  *   . .
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